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PREFACE. 


HE theory of groups of finite order may be said to date 

from the time of Cauchy. To him are due the first 
attempts at classification with a view to forming a theory from 
a number of isolated facts. Galois introduced into the theory 
the exceedingly important idea of a self-conjugate sub-group, 
and the corresponding division of groups into simple and com- 
posite. Moreover, by shewing that to every equation of finite 
degree there corresponds a group of finite order on which 
all the properties of the equation depend, Galois indicated 
how far reaching the applications of the theory might be, and 
thereby contributed greatly, if indirectly, to its subsequent 
developement. 

Many additions were made, mainly by French mathe- 
maticians, during the middle part of the century. The first 
connected exposition of the theory was given in the third 
edition of M. Serret’s “Cours d’ Algébre Supérieure,” which was 
published in 1866. This was followed in 1870 by M. Jordan’s 
“Traité des substitutions et des équations algébriques.’ The 
greater part of M. Jordan’s treatise is devoted to a develope- 
ment of the ideas of Galois and to their application to the 
theory of equations. 

No considerable progress in the theory, as apart from its 
applications, was made till the appearance in 1872 of Herr 
Sylow’s memoir “ Théorémes sur les groupes de substitutions” 
in the fifth volume of the Mathematische Annalen. Since the 
date of this memoir, but more especially in recent years, the 
theory has advanced continuously. 

In 1882 appeared Herr Netto’s “ Substitutionentheorie und 
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thre Anwendungen auf die Algebra,’ in which, as in M. Serret’s 
and M. Jordan’s works, the subject is treated entirely from the 
point of view of groups of substitutions. Last but not least 
among the works which give a detailed account of the subject 
must be mentioned Herr Weber's “ Lehrbuch der Algebra,” of 
which the first volume appeared in 1895 and the second in 
1896. In the last section of the first volume some of the more 
important properties of substitution groups are given. In the 
first section of the second volume, however, the subject is 
approached from a more general point of view, and a theory of 
finite groups is developed which is quite independent of any 
special mode of representing them. 

The present treatise is intended to introduce to the reader 
the main outlines of the theory of groups of finite order apart 
from any applications. The subject is one which has hitherto 
attracted but little attention in this country; it will afford 
me much satisfaction if, by means of this book, I shall succeed 
in arousing interest among English mathematicians in a branch 
of pure mathematics which becomes the more fascinating the 
more it is studied. 

- Cayley’s dictum that “a group is defined by means of the 
laws of combination of its symbols” would imply that, in dealing 
purely with the theory of groups, no more concrete mode of 
representation should be used than is absolutely necessary. 
It may then be asked why, in a book which professes to leave 
all applications on one side, a considerable space is devoted to 
substitution groups; while other particular modes of repre- 
sentation, such as groups of linear transformations, are not 
even referred to. My answer to this question is that while, in 
the present state of our knowledge, many results in the pure 
theory are arrived at most readily by dealing with properties 
of substitution groups, it would be difficult to find a result that 
could be most directly obtained by the consideration of groups 
of linear transformations. 

The plan of the book is as follows. . The first Chapter has 
been devoted to explaining the notation of substitutions. As 
this notation may not improbably be unfamiliar to many 
English readers, some such introduction is necessary to make 
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the illustrations used in the following chapters intelligible. 
Chapters II to VII deal with the more important properties of 
groups which are independent of any special form of repre- 
sentation. The notation and methods of substitution groups 
have been rigorously excluded in the proofs and investigations 
contained in these chapters; for the purposes of illustration, 
however, the notation has been used whenever convenient. 
Chapters VIII to X deal with those properties of groups which 
depend on their representation as substitution groups. Chapter 
XI treats‘of the isomorphism of a group with itself. Here, 
though the properties involved are independent of the form of 
representation of the group, the methods of substitution groups 
are partially employed. Graphical modes of representing a 
group are considered in Chapters XII and XIII. In Chapter 
XIV the properties of a class of groups, of great importance in 
analysis, are investigated as a general illustration of the 
foregoing theory. The last Chapter contains a series of results 
in connection with the classification of groups as simple, 
composite, or soluble. 

A few illustrative examples have been given throughout 
the book. As far as possible I have selected such examples 
as would serve to complete or continue the discussion in the 
text where they occur. 

In addition to the works by Serret, Jordan, Netto and 
Weber already referred to, I have while writing this book 
consulted many original memoirs. Of these I may specially 
mention, as having been of great use to me, two by Herr Dyck 
published in the twentieth and twenty-second volumes of the 
Mathematische Annalen with the title “ Gruppentheoretische 
Studien” ; three by Herr Frobenius in the Berliner Sitzwngs- 
berichte for 1895 with the titles, “Ueber endliche Gruppen,” 
“Ueber auflosbare Gruppen,” and “ Verallgemeinerung des 
Sylow’schen Satzes”; and one by Herr Holder in the forty- 
sixth volume of the Mathematische Annalen with the title 
“Bildung zusammengesetzter Gruppen.” Whenever a result 
is taken from an original memoir I have given a full reference ; 


any omission to do so that may possibly occur is due to an 
oversight on my part. 
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CHAPTER I. 


ON SUBSTITUTIONS. 


1. AmoNnG the various notations used in the following 
pages, there is one of such frequent recurrence that a certain 
readiness in its use is very desirable in dealing with the 
subject of this treatise. We therefore propose to devote a 
preliminary chapter to explaining it in some detail. 


2. Let a,, dy,..., An be a set of n distinct letters. The 
operation of replacing each letter of the set by another, which 
may be the same letter or a different one, when carried out 
under the condition that no two letters are replaced by one and 
the same letter, is called a substitution performed on the n 
letters. Such a substitution will change any given arrange- 
ment 

By, hg ag By 
of the n letters into a definite new arrangement 


b,, by. #9 bn 
of the same n letters. 


3. One obvious form in which to write the substitution is 
ss Massacre ». On 
(4 Dis cass ; i) : 
thereby indicating that each letter in the upper line is to be 
replaced by the letter standing under it in the lower. The 


disadvantage of this form is its unnecessary complexity, each 
B. 1 


Ho 


2 NOTATION FOR REPRESENTING [3 


of the n letters occurring twice in the expression for the 
substitution; by the following process, the expression of the 
substitution may be materially simplified. 


Let p be any one of the n letters, and g the letter in the 
lower line standing under p in the upper. Suppose now that r 
is the letter in the lower line that stands under gq in the upper, 
and so on. Since the number of letters is finite, we must arrive 
at last at a letter s in the upper line under which p stands. 
If the set of n letters is not thus exhausted, take any letter p’ 
in the upper line, which has not yet occurred, and let q’, 7’... 
follow it as q, 7,... followed p, till we arrive at s’ in the upper 
line with p’ standing under it. If the set of n letters is still not 
exhausted, repeat the process, starting with a letter p” which 
has not yet occurred. Since the number of letters is finite, we 
must in this way at last exhaust them ; and the n letters are 
thus distributed into a number of sets 


Pr Dh Troe 5 
/ / / / 
P, q> 5 »S 4 
4 4 4 4] 
PTT sey & 5 


such that the substitution replaces each letter of a set by the 
one following it in that set, the last letter of each set being re- 
placed by the first of the same set. 


If now we represent by the symbol 


( pqr...8) 


the operation of replacing p by q,q by 7,..., and s by p, the 
substitution will be completely represented by the symbol 


(pqr...8)(p'q’7’...8) (p71... .8)eseoee 


The advantage of this mode of expressing the substitution is 
that each of the letters occurs only once in the symbol. 


4. The separate components of the above symbol, such as 
(pqr...s) are called the cycles of the substitution. In particular 
cases, one or more of the cycles may contain a single letter; 
_ when this happens, the letters so occurring singly are unaltered 
by the substitution. The brackets enclosing single letters may 
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clearly be omitted without risk of ambiguity, as also may the 
unaltered letters themselves. Thus the substitution 


(@ b, c, d, °) 
c, b, d, a, e 
may be written (acd) (b) (e), or (acd) be, or simply (acd). If for 
any reason it were desirable to indicate that substitutions of the 


five letters a, b, c, d. e were under consideration, the second of 
these three forms would be used. 


5. The form thus obtained for a substitution is not unique. 
The symbol (qr...sp) clearly represents the same substitution 
as (pq7’...s), if the letters that occur between r and s in the two 
symbols are the same and occur in the same order; so that, as 
regards the letters inside the bracket, any one may be chosen 
to stand first so long as the cyclical order is preserved un- 
changed. 


Moreover the order in which the brackets are arranged is 
clearly immaterial, since the operation denoted by any one 
bracket has no effect on the letters contained in the other 
brackets. This latter property is characteristic of the par- 
ticular expression that has been obtained for a substitution ; 
it depends upon the fact that the expression contains each 
of the letters once only. 


6. When we proceed to consider the effect of performing 
two or more substitutions successively, it is seen at once that 
the order in which the substitutions are carried out in general 
affects the result. Thus to give a very simple instance, the 
substitution (ab) followed by (ac) changes a into 5b, since b is 
unaltered by the second substitution. Again, (ab) changes b 
into a and (ac) changes a into c, so that the two substitutions 
performed successively change b into c. Lastly, (ab) does not 
affect c and (ac) changes c into a. Hence the two substitutions 
performed successively change a into 6, b into ¢, ¢ into a, and 
affect no other symbols. The result of the two substitutions 
performed successively is therefore equivalent to the substitu- 
tion (abe); and it may be similarly shewn that (ac) followed 
by (ab) gives (acb) as the resulting substitution. To avoid 
ambiguity it is therefore necessary to assign, once for all, the 


1—-2 
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meaning to be attached to such a symbol as s,s,, where s, and 
s, are the symbols of two given substitutions. We shall always 
understand by the symbol s,s, the result of carrying out first 
the substitution s, and then the substitution s,. Thus the two 
simple examples given above may be expressed in the form 
(ab) (ac) = (abc), 
(ac) (ab) = (acb), 
the sign of equality being used to represent that the substitu- 
tions are equivalent to each other. 
If now 
6:0, — 3 ANG f.6, —o. 
the symbol s,s,s; may be regarded as the substitution s, followed 
by s; or as s, followed by s;. But if s, changes any letter a 
into b, while s, changes b into c and s, changes c into d, then s, 
changes a into ¢c and s, changes 6 into d. Hence s,s, and s,s; 
both change a into d; and therefore, a being any letter operated 
upon by the substitutions, 
Sop ate. 

Hence the meaning of the symbol s,s,s, is definite; it 
depends only on the component substitutions s,, s., s; and their 
sequence, and it is independent of the way in which they are 
associated when their sequence is assigned. And the same 
clearly holds for the symbol representing the successive per- 
formance of any number of substitutions. To avoid circum- 
locution, it is convenient to speak of the substitution s,s....s, 
as the product of the substitutions s,, s,..., 8, m the sequence 
given. The product of a number of substitutions, thus defined, 
always obeys the associative law but does not in general obey 
the commutative law of algebraical multiplication. 


7. The substitution which replaces every symbol by itself 
is called the identical substitution. The inverse of a given | 
substitution is that substitution which, when performed after 
the given substitution, gives as result the identical substitution. 
Let s_, be the substitution inverse to s, so that, if 


Aaa: My, Agy+++, An 
ae (5 By; «4; i) 
then s_.= ie b,,. Sages zl ; 


i he i, We 
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Let s, denote the identical substitution which can be represented 
by 
Gy; -Ay,..-, Me 
i Mises i 
Then 88_, =8 and 8_,8=8%, 


so that s is the substitution inverse to s_,. 


Now if ts =t's, 
then tea = Fae. 
or ee, 


But ts, is the same substitution as ¢, since s, produces no 
change; and therefore 


as 
In exactly the same way, it may be shewn that the relation 
st = st’ 
involves t=f. 


8. The result of performing r times in succession the same 
substitution s is represented symbolically by s’. Since, as 
has been seen, products of substitutions obey the associative 
law of multiplication, it follows that 


gg” = ght” = g’s, 


Now since there are only a finite number of distinct 
substitutions that can be performed on a given finite set of 
symbols, the series of substitutions s, s*, s*,... cannot be all 
distinct. Suppose that s”*! is the first of the series which is 
the same as s, so that 


gmt =, 
Then aca, = 868_,, 
or a® = §. 


There is no index yw smaller than m for which this relation 
holds. For if 


sh= So, 
then get] — gg, = g, 


contrary to the supposition that s”*! is the first of the series 
which is the same as s. 


G5: NEGATIVE POWERS OF SUBSTITUTIONS [8 


Moreover the m—1 substitutions s, s?,..., s”-! must be all 
distinct. For if 
s* = 8", vr perm, 
then is td ns ok Cod en 
or . ee ge Fe 


which has just been shewn to be impossible. 


The number m is called the order of the substitution s. 

In connection with the order of a substitution, two properties 
are to be noted. First, if 

s = So, 
it may be shéwn at once that n is a multiple of m the order of 
s; and secondly, if 

oe oe 
then a —B8=0 (mod. m). 


If now the equation 
gh ty = ghgv 


be assumed to hold, when either or both of the integers « and v 
is a negative integer, a definite meaning is obtained for the 
symbol s~’, implying the negative power of a substitution ; and 
a definite meaning is also obtained for s°. For 

tT a aA ed Oe CRP el Cad Yar 
so that Ri eg le 
Similarly it can be shewn that 

Ny = So . 


Since every power of s, is the same as 8, and since 
wherever s, occurs in the symbol s,s,...s, of a compound 
substitution it may be omitted without affecting the result, it 
is clear that no ambiguity will result from replacing s, every- 
where by 1; in other words, we may use 1 to represent the 
identical substitution which leaves every letter unchanged. 
But when this is done, it must of course be remembered that 
the equation 

st = t 
is not a reducible algebraical equation, which is capable of being 
written in the form _ 


(s — 1) (s™ 7 + s™77 +... 41) =0. 
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Indeed the symbol s +s’, where s and s’ are any two substi- 
tutions, has no meaning. 


9. If the cycles of a substitution 


Syed of 


8 =(pqr...8)(pq...8)(p’q”...8” 
contain m, m’, m’,... letters respectively, and if 


gf = I, 


p must be a common multiple of m, m’, m”,.... For s* changes 
p into a letter w places from it in the cyclical set p,q, 7,..., 8; 
and therefore, if it changes p into itself, ~ must be a multiple 
of m. In the same way, it must be a multiple of m’, m”,.... 
Hence the order of s is the least common multiple of m, m’, 


4 


MN yoeee 


In particular, when a substitution consists of a single 
cycle, its order is equal to the number of letters which it inter- 
changes. Such a substitution is called a circular substitution. 


A substitution, all of whose cycles contain the same 
number of letters, is said to be regular in the letters which it 
interchanges ; the order of such a substitution is clearly equal 
to the number of letters in one of its cycles. 


10. Two substitutions, which contain the same number of 
cycles and the same number of letters in corresponding cycles, 
are called similar. If s, s’ are similar substitutions, so also 
clearly are s’, s’”; and the orders of s and s’ are the same. 


Let now 
8 = (AyAg.. As) (Ay Ag. .Ay)... 
Ay, Ag,+++, An 
and t= ( ) 
Dis Biss ong Dn 


be any two substitutions. Then 
by, Biar<; bn qd; Cgy+++, An 
a = } ‘4 eee i Jeee 
ag on .. ) (Ap dq: +e) (Apry’-- Ay) te 6) 
= (bydq...b) (Oy: bg...by)..-; 
the latter form of the substitution being obtained by actually 


carrying out the component substitutions of the earlier form. 
Hence s and ¢~'st are similar substitutions. 
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Since $48) == 8:7" 8, S58} 
it follows that s,s, and s,s, are similar substitutions and therefore 
that they are of the same order. Similarly it may be shewn 
that 8,8.8)...8,, 8~983-.-8n8),-.»> 8n8)-+»88 are all similar substi- 
tutions. 

It may happen in particular cases that s and ¢-'st are the 
same substitution. When this is so, ¢ and s are permutable, 
that is, st and ts are equivalent to one another ; for if 

=f “st, 
then ts = st. 


This will certainly be the case when none of the symbols 
that are interchanged by ¢ are altered by s; but it may happen 
when s and ¢ operate on the same symbols. Thus if 


s =(ab) (cd), t = (ac) (bd), 
then st = (ad) (bc) = és. 


Ex. 1. Shew that every regular substitution is some power of a 
circular substitution. 


Ex. 2. If s, s’ are permutable regular substitutions of the same 
mn letters of orders m and xm, these numbers being relatively prime, 
shew that ss’ is a circular substitution in the mn letters. 


Ex. 3*. If s = (123) (456) (789), 
s, = (147) (258) (369), 
= (456) (798), 


shew that s is permutable with both s, and s,, and that it can be 
formed by a combination of s, and s,. 


Ex. 4. Shew that the only substitutions of n given letters 
which are permutable with a circular substitution of the 7 letters 
are the powers of the circular substitution. 


Ex. 5. Determine all the substitutions of the ten symbols 
involved in 


s = (abcde) (aByde) 


which are permutable with s. 


The determination of all the substitutions which are 
permutable with a given substitution will form the subject 
of investigation in Chapter X. 


* It is often convenient to use digits rather than letters for the purpose of 
illustration. 
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11. A circular substitution of order two is called a trans- 
position. It may be easily verified that 


(pgr...8)= (pq) (pr).--(ps), 

so that every circular substitution can be represented as a 
product of transpositions ; and thence, since every substitution 
is the product of a number of circular substitutions, every 
substitution can be represented as a product of transpositions. 
It must be remembered, however, that, in general, when a 
substitution is represented in this way, some of the letters will 
occur more than once in the symbol, so that the order in which 
the constituent transpositions occur is essential. There is thus 
a fundamental difference from the case when the symbol of a 
substitution is the product of circular substitutions, no two of 
which contain a common letter. 


Since (PY) = pp’) (PT) PP’), 
every transposition, and therefore every substitution of n 
letters, can be expressed in terms of the n — 1 transpositions 


(1A), (@,d3),..., (A, Gn). 

The number of different ways in which a given substitution 
may be represented as a product of transpositions is evidently 
unlimited; but it may be shewn that, however the representation 
is effected, the number of transpositions is either always even 
or always odd. To prove this, it is sufficient to consider the 
effect of a transposition on the square root of the discriminant 
of the n letters, which may be written 


r=n-1 ( s=n 
joe Say Di II (a, — a). 
r=1 | aware 

The transposition (a,as;) changes the sign of the factor 
ad,—as. When q is less than either r or s, the transposition 
interchanges the factors a,—a, and a,—a,;; and when q is 
greater than either r or s, it interchanges the factors a, —a, and 
a@;—d,. When q lies between r and s, the pair of factors 
d,—d,_ and ad,—d,s are interchanged and are both changed in 
sign. Hence the effect of the single transposition on D is 
to change its sign. Since any substitution can be expressed as 
the product of a number of transpositions, the effect of any 
substitution on D must be either to leave it unaltered or to 
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change its sign. If a substitution leaves D unaltered it must, 
when expressed as a product of transpositions in any way, 
contain an even number of transpositions; and if it changes 
the sign of D, every representation of it, as a product of 
transpositions, must contain an odd number of transpositions. 
Hence no substitution is capable of being expressed both by an 
-even and by an odd number of transpositions. 


A substitution is spoken of as odd or even, according as the 
transpositions which enter into its representation are odd or 
even in number. 


Further, an even substitution can always be represented as 
a product of circular substitutions of order three. For any 
even substitution of n letters can be represented as the product 
of an even number of the n — 1 transpositions 
(4,Q2), (Q,d),..., (G,Gn), 
in appropriate sequence and with the proper number of 
occurrences; and the product of any consecutive pair of these 
(a,d,) (a,as) is the circular substitution (a,a,d,). 
Now (1, QgM,) (A 494,) (0,00)? 
= (A MMs) (A, Ay G;-) (Ay, Ug Qo) 
= (4,4), 
so that every circular substitution of order three displacing a, 
and therefore every even substitution of n letters, can be 
expressed in terms of the n—2 substitutions 


(AGG), (Ay MyM,),.--) (A, Aen) 
and their powers. 


Ex. 1. Shew that every even substitution of » letters can be 
expressed in terms of 


(Ay Gots), (A Us 4s), teens ’ (@,Gy_14n)s 
when 7 is odd ; and in terms of 
(Gs), (Ay Us As)y 00+ 1 (A1En_24n-1)y (%4%24n), 


when 7 is even. 


Ex. 2. If +1 is odd, shew that every even substitution of 
mn +1 letters can be expressed in terms of 
(a, a, eaten On+1)s (Ons. ica Con 41)s ave ey ’ (yn —r)n42+++++-®mn4i) 3 


and if 2 +1 is even, that every substitution of mn+1 letters can 
be expressed in terms of this set of m circular substitutions. 


CHAPTER II. 


THE DEFINITION OF A GROUP. 


12. In the present chapter we shall enter on our main 
subject and we shall begin with definitions, explanations and 
examples of what is meant by a group. 


Definition. Let 
4. B,C... 


represent a set of operations, which can be performed on the 
same object or set of objects. Suppose this set of operations 
has the following characteristics. 


(a) The operations of the set are all distinct, so that no 
two of them produce the same change in every possible appli- 
cation. 


(8) The result of performing successively any number of 
operations of the set, say A, B,..., K, is another definite 
operation of the set, which depends only on the component 
operations and the sequence in which they are carried out, and 
not on the way in which they may be regarded as associated. 
Thus A followed by B and B followed by C are operations of 
- the set, say D and £; and D followed by C is the same opera- 
tion as A followed by £. 


(y) A being any operation of the set, there is always 


another operation A_, belonging to the set, such that A 
followed by A_, produces no change in any object. 
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The operation A_, is called the inverse of A. 
The set of operations is then said to form a Group. 


From the definition of the inverse of A given in (y), it 
follows directly that A is the inverse of A_,. For if A changes 
any object 0 into 0’, A_, must change 0’ into. Hence A_, 
followed by A leaves Q’, and therefore every object, unchanged. 


The operation resulting from the successive performance of 
the operations A, B,..., K in the sequence given is denoted by 
the symbol AB...K; and if © is any object on which the 
operations may be performed, the result of carrying out this 
compound operation on © is denoted by 0. AB...K. 


If the component operations are all the same, say A, and r 
in number, the abbreviation A” will be used for the resultant 
operation, and it will be called the rth power of A. 


Definition. Two operations, A and JB, are said to be 
permutable when AB and BA are the same operation. 


13. If AB and AC are the same operation, so also are 
A_,AB and A_,AC. But the operation A_,A produces no 
change in any object and therefore A_,AB and B, producing 
the same change in every object, are the same operation. Hence 
B and C are the same operation. 


This is expressed symbolically by saying that, if 
Bie A, 
then B=C; 


the sign of equality being used to imply that the symbols 
represent the same operation. 


In a similar way, if 
BA=CA, 
it follows that B=. 
From conditions (8) and (vy), AA_, must be a definite 
operation of the group. This operation, by definition, pro- 


duces no change in any possible object, and it must, by 
condition (a), be unique. It is called the ¢dentical operation. 


14] CONTINUOUS AND DISCONTINUOUS GROUPS 15 


If it is represented by A, and if A be any. other operation, 
then 
A,A=A=AA,, 


and for every integer 7, 
o” = Ay. 
Hence A, may, without ambiguity, be replaced by 1, 
wherever it occurs, 


14. The number of distinct operations contained in a 
group may be either finite or infinite. When the number is 
infinite, the group may contain operations which produce an 
infinitesimal change in every possible object or operand. 


Thus the totality of distinct displacements of a rigid body 
evidently forms a group, for they satisfy conditions (a), (8) and 
(y) of the definition. Moreover this group contains operations 
of the kind in question, namely infinitesimal twists; and 
each operation of the group can be constructed by the con- 
tinual repetition of a suitably chosen infinitesimal twist. 


Next, the set of translations, that arise by shifting a cube 
parallel to its edges through distances which are any multiples 
of an edge, forms a group containing an infinite number 
of operations; but this group contains no operation which 
effects an infinitesimal change in the position of the cube. 


As a third example, consider the set of displacements by 
which a complete right circular cone is brought to coincidence 
with itself. It consists of rotations through any angle about 
the axis of the cone, and rotations through two right angles 
about any line through the vertex at right angles to the 
axis. Once again this set of displacements satisfies the con- 
ditions (a), (8) and (y) of the definition and forms a group. 


This last group contains infinitesimal operations, namely 
rotations round the axis through an infinitesimal angle; and 
every finite rotation round the axis can be formed by the 
continued repetition of an infinitesimal rotation. There is 
however in this case no infinitesimal displacement of the group 
by whose continued repetition a rotation through two right 
angles about a line through the vertex at right angles to the 
axis can be constructed. Of these three groups with an infinite 
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number of operations, the first is said to be a continuous group, 
the second a discontinuous group, and the third a mixed group. 


Continuous groups and mixed groups lie entirely outside the 
plan of the present treatise ; and though, later on, some of the 
properties of discontinuous groups with an infinite number of 
operations will be considered, such groups will be approached 
from a point of view suggested by the treatment of groups 
containing a finite number of operations. It is not therefore 
necessary here to deal in detail with the classification of infinite 
groups which is indicated by the three examples given above; 
and we pass on at once to the case of groups which contain a 
finite number only of distinct operations. 


15. Definition. If the number of distinct operations con- 
tained in a group be finite, the number is called the order of the 
group. | 

Let S be an operation of a group of finite order V. Then 
the infinite series of operations 


must all be contained in the group, and therefore a finite 
number of them only can be distinct. If S”” is the first of 
the series which is the same as S, and if S_, is the operation 
inverse to S, then 


Slueyrs bate aif eso ke 


or S"™= 1. 
Exactly as in § 8, it may be shewn that, if 
S+ =1, 


# must be a multiple of m, and that the operations S, S’,...... : 
S”— are all distinct. 


Since the group contains only N distinct operations, m 
must be equal to or less than NV. It will be seen later that, if 
m is less than JN, it must be a factor of JN. 


The integer m is called the order of the operation S. The 
order m’ of the operation S* is the least integer for which 


7, eae 
bi» 2 


that is, for which xm’ = 0 (mod. m). 
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Hence, if g is the greatest common factor of « and m, 


mn 
m =—; 
g 


and, if m is prime, all the powers of S, whose indices are less 
than m, are of order m. 


Since Se Qe = S"™ = 1, (vw < mM), 
and S*(S*)_, a *; 
it follows that (2 =o. 


If now a meaning be attached to S~*, by assuming that 
the equation 


S*+y = S*Sy 
holds when either « or y is a negative integer, then 
en ee, 
and (S*)_, = S™, 


so that S~* denotes the inverse of the operation S*. 


LS AE 8 da RS A , S., Sq are operations of a group, shew that 
the operation inverse to S,“S;,"...... RBIS Frag gh Pace Fa Seoeti a RS Aas eh sive! 
16. If i a S,, eevee, > Sy 4 


are the N operations of a group of order N, the set of V 
operations 

Dee Beis Sie et ; Betws 
are (§ 13) all distinct ; and their number is equal to the order of 
the group. Hence every operation of the group occurs once 
and only once in this set. 


Similarly every operation of the group occurs once and only 
once in the set 


Sys ties Sate cess , Ae So 


Every operation of the group can therefore be represented 
as the product of two operations of the group, and either the 
first factor or the second factor can be chosen at will. 


A relation of the form 
S, = S,8, 
between three operations of the group will not in general 
involve any necessary relation between the order of S, and the 
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orders of S, and S,. If however the two latter are permutable, 
the relation requires that, for all values of «, 


er pat he Fg S,* : 
and in that case the order of S,, is the least common multiple 
of the orders of S, and S,.. 

Suppose now that S, an operation of the group, is of order 
mn, where m and n are relatively prime. Then we may shew 
that, of the various ways in which S may be represented as the 
product of two operations of the group, there is just one in 
which the operations are permutable and of orders m and x 
respectively. 

Thus let So a 
and S” = N, 
so that M, N are operations of orders m and n. Since S” and 
S” are permutable, so also are M and N, and powers of M and N. 

If x, y are integers satisfying the equation 

an+ym=1, 
every other integral solution is given by 
L=XHy+tm, y=Y— tn, 
where ¢ is an integer. 
Now MeNy = Sve — §; 


and since # and m are relatively prime, as also are y and n, 
M* and NY are permutable operations of orders m and n, so 
that S is expressed in the desired form. 


Moreover, it is the only expression of this form ; for let 
S= M,N,, 
where M, and N, are permutable and of orders m and 1. 
Then S*°=M,", since N,” =1. 


Hence A =, 
or Bide ae M*, 
or Mi = M*. 
But M7,” = 1, and therefore M,-”" =1; hence 
M, = M*. 


In the same way it is shewn that NV, is the same as NV". The 
representation of S in the desired form is therefore unique. 
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17. Two given operations of a group successively performed 
give rise to a third operation of the group which, when the 
operations are of known concrete form, may be determined by 
actually carrying out the two given operations. Thus the set 
of finite rotations, which bring a regular solid to coincidence 
with itself, evidently form a group; and it is a purely geo- 
metrical problem to determine that particular rotation of the 
group which arises from the successive performance of two 
given rotations of the group. 


When the operations are represented by symbols, the rela- 
tion in question is represented by an equation of the form 


AB=C; 
but the equation indicates nothing of the nature of the actual 


operations. Now it may happen, when the operations of two 
groups of equal order are represented by symbols, 


68 ee fear. ios a Aer 

Gio bi Al Ors. 
that, to every relation of the form 

| AB=C 
between operations of the first group, there corresponds the 
relation 
AB =C: 

between operations of the second group. In such a case, 
although the nature of the actual operations in the first group 
may be entirely different from the nature of those in the 
second, the laws according to which the operations of each 
group combine among themselves are identical. The following 
series of groups of operations, of order six, will at once illustrate 
the possibility just mentioned, and will serve as concrete exam- 
ples to familiarize the reader with the conception of a group of 
operations. 


I. Group of inversions. Let P, Q, R be three circles with 
a common radical axis and let each pair of them intersect at an 
angle 47. Denote the operations of inversion with respect to 
7.0 R by C, D, #; and denote successive inversions at P, R 
and at P,Q by A and B. The object of operation may be any 
point in the plane of the circles, except the two common points 


B, 2 


18 EXAMPLES i i 


in which they intersect. Then it is easy to verify, from the 
geometrical properties of inversion, that the operations 

1, A, BO, De 
are all distinct, and that they form a group. For instance, DH 
represents successive inversions at @ and R. But successive 
inversions at @ and FR produce the same displacement of points 
as successive inversions at P and Q, and therefore 


DE=B. 
II. Group of rotations. Let POP’, QOQ’, ROR’ be three 


concurrent lines in a plane such that each of the angles POQ 
and QOR is 47, and let JOI’ be a perpendicular to their plane. 
~ Denote by A a rotation round J/' through 27 bringing PP’ to 
RR’; and by B a rotation round JJ’ through 47 bringing PP’ 
to QQ. Denote also by C, D, # rotations through two right 
angles round PP’, QQ’, RR’. The object of the rotations may 
be any point or set of points in space. Then it may again be 
verified, by simple geometrical considerations, that the opera- 
tions 

| ey Wag 2 he SA Bd 0 
are distinct and that they form a group. 


Ill. Group of linear transformations of a single variable. 
The operation of replacing w by a given function f(z) of itself 
is sometimes represented by the symbol (#, f(x)). With this 
notation, if 


1 x—1 1 
A=(2, i): B=(z, “="), O=(a, = D=(a, 1—~2), 
x 
K= (2, =. ] A ic (x, x), 


it may again be verified without difficulty that these six 
operations form a group. _ 


IV. Group of linear transformations of two variables. 
With a similar notation, the six operations 


= y. 1 — 1, = = x 
A=(z, x? VE =), B=(a, y’ Ys y ? C (x, Y; Yy; x), 


pas +, z\ = ’ acs | — ; 
D=(z, 754% B=(2 Ti w , le@ysay 
form a group. 
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V. Group of linear transformations to a prime modulus. 
The six operations defined by 
A=(a, «+1), B=(a, x +2), C = (a, 2a), 
D=(a, 2a+2), H=(a#,27%+1), 1=(a, x), 


where each transformation is taken to modulus 3, form a group. 


VI. Group of substitutions of 3 symbols. The six substitu- 
tions 


1, A=(ayz), B=(asy), C=a2(yz), D=y(zr), H=2(ay) 


are the only substitutions that can be formed with three symbols; 
they must therefore form a group. 


VII. Group of substitutions of 6 symbols. The substitu- 
tions 


1, A=(«yz) (abe), B=(«zy)(acb), C= (xa) (yc) (2b), 
D=ab(ya)(ze), E= (ac) (yb) (za) 


may be verified to form a group. 


VIII. Group of substitutions of 6 symbols. The substitu- 
tions 


1, A=(aaybzc), B=(ayz)(abc), C= (ab) (yc) (za), 


D=(azy)(acb), H=(acezbya) 
form a group. 


The operations in the first seven of these groups, as well as 
the objects of operation, are quite different from one group to 
another; but it may be shewn that the laws according to which 
the operations, denoted by the same letters in the different 
groups, combine together are identical for all seven. There is 
no difficulty in verifying that in each instance 


eel, O=1, B=A*, D=ACH=CAt E=AC=0A; 


and from these relations the complete system, according to 
which the six operations in each of the seven groups combine 
together, may be at once constructed. This is given by the 
following multiplication table, where the left-hand vertical 
column gives the first factor and the top horizontal line the 


2—2 
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second factor in each product: thus the table is to be read 
Al=A, AB=1, AC=D, and so on. 


1 ae i Lin ey 
1 ‘Sara. Steer « eee i tae 2 eeu 
A.| A Fae Sata aeage 0 
cS ae | Lo heater. ramee ieee Steer £ 
ee i 
Bete DC ee aa ke 
Pet Pe Cs ae Ok 


But, though the operations of the seventh and eighth 
groups are of the same nature and though the operands are 
identical, the laws according to which the six operations 
combine together are quite distinct for the two groups. Thus, 
for the last group, it may be shewn that 


ie a Or Ae Da At A Als 
so that the operations of this group may, in fact, be represented 
by 
Ae a AC Aes 

18. If we pay no attention to the nature of the actual 
operations and operands, and consider only the number of the 
former and the laws according to which they combine, the first 
seven groups of the preceding paragraph are identical with 
each other. From this point of view a group, abstractly 
considered, is completely defined by its multiplication table ; 
and, conversely, the multiplication table must implicitly 
contain all properties of the group which are independent of 
any special mode of representation. 


It is of course obvious that this table cannot be arbitrarily 
constructed. Thus, if 


AB=P and BC=Q, 


the entry in the table for PC must be the same as that for AQ. 
Except in the very simplest cases, the attempt to form a 
consistent multiplication table, merely by trial, would be most 
laborious, 
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The very existence of the table shews that the symbols 
denoting the different operations of the group are not all 
independent of each other; and since the number of symbols is 
finite, it follows that there must exist a set of symbols 
S,, S.,..., S, no one of which can be expressed in terms of the 
remainder, while every operation of the group is expressible in 
terms of the set. Such a set is called a set of fundamental or 
generating operations of the group. Moreover though no one 
of the generating operations can be expressed in terms of the 
remainder, there must be relations of the general form 


fe Bad ae GP S,°=1 
among them, as otherwise the group would be of infinite order ; 
and the number of these relations, which are independent 
of one another, must be finite. Among them there necessarily 
occur the relations 


St=1) SS , S,%*=1, 
giving the orders of the fundamental operations. 


We thus arrive at a virtually new conception of a group ; 
it can be regarded as arising from a finite number of funda- 
mental operations connected by a finite number of independent 
relations. But it is to be noted that there is no reason for 
supposing that such an origin for a group is unique; indeed, 
in general, it is not so. Thus there is no difficulty in verifying 
that the group, whose multiplication table is given in § 17, is 
completely specified either by the system of relations 


A’=1, @?=1, (AC}=1, 
or by the system 
CA) 7 ep = I. 
In other words, it may be generated by two operations of 
orders 2 and 3, or by two operations of order 2. So also the 
last group of § 17 is specified either by 


Aé coe 2 
or by Bta1-2 Gai, BU-CE. 
19. Definition. Let G and @’ be two groups of equal 


order. If a correspondence can be established between the 
operations of G and G’, so that to every operation of G there 
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corresponds a single operation of G’ and to every operation of 
G there corresponds a single operation of G, while to the 
product AB of any two operations of G there corresponds the 
product A’B’ of the two corresponding operations of G’, the 
groups G and G’ are said to be simply isomorphic’. 

Two simply isomorphic groups are, abstractly considered, 
identical. In discussing the properties of groups, some definite 
mode of representation is, in general, indispensable; and as 
long as we are dealing with the properties of a group per se, 
and not with properties which depend on the form of 
representation, the group may, if convenient, be replaced by 
any group which is simply isomorphic with it. For the dis- 
cussion of such properties, it would be most natural to suppose 
the group given either by its multiplication table or by its 
fundamental operations and the relations connecting them ; 
and as far as possible we shall follow this course. Unfortu- 
nately, however, these purely abstract modes of representing a 
group are by no means the easiest to deal with. It thus 
becomes an important question to determine as far as possible 
what different concrete forms of representation any particular 
group may be capable of; and we shall accordingly end the 
present chapter with a demonstration of the following general 
theorem bearing on this question. 


20. THEOREM. Every group of finite order N 1s capable of 
representation as a group of substitutions of N symbols®. 


Let hs BOY. Sarees Pe ge oa 


be the NV operations of the group; and form the complete 
multiplication table 


eee were es erereeeee eer eereeseeseeeeeeeeeeeseereeeseaeee 


eeovereereveereereereereoreoeereeeereseeeseseereeeeereeeeeeseeee 


1 We shall sometimes use the phrase that two groups are of the same type 
to denote that they are simply isomorphic. 
' 2 Dyck, ‘‘ Gruppentheoretische Studien,” Math. Ann., Vol. xx (1882), p. 30, 
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that results from multiplying the symbols in the first horizontal 
line by 1, S,, S,,..., Sy. in order. Each horizontal line in the 
table so obtained contains the same NV symbols as the original 
line, but any given symbol occupies a different place in each 
line; for the supposition that the two symbols S;S, and S;S, 
were identical would involve 
Sp=S), 

which is not true. 

It thus appears that the first line in the table, taken 
with the (¢+1)th line, defines a substitution 


& S, ’ S, yeery Sy-1 
Si, S.8;, ro fs Freee SyS; 


performed on the NV symbols 1, S,, S,,..., Sy; and by taking 
the first line with each of the others, including itself, a set of V 
substitutions performed on these WV symbols is obtained. Now 
this set of substitutions forms a group simply isomorphic 
to the given group. For if 


S,S;=8, and S,S;=S,, 


the substitutions 


€ ? S, ’ S, geeey Sy-1 ) 
S;, SSi, acess. Sy; 


es S; ? S. gree) Sy-1 ) 
SG, SiS, eS 


successively performed, change S, into S,. 
But SSS; = &,, 


and therefore the product of the two substitutions, in the order 
given, is the substitution 


2 
(5,5, S,S;S;, S,S;S;,..., 3,88) 
or the product of any two of the NV substitutions is again one 
of the substitutions of the set. Moreover the above reasoning 
shews that the result of performing successively the substitu- 
tions corresponding to the operations S; and S; gives the 
substitution corresponding to the operation S;S;. Hence, 
since the number of substitutions is equal to the number of 


and 
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operations, the given group and the group of substitutions 
are simply isomorphic. 


It may also be shewn that each of the NV substitutions is 
regular (§ 9) in the NV symbols. For the substitution 


ae 


changes S,. into S,S;, S,S; into S,S?, and so on. If then m is 
the order of S;, the cycle of the substitution which contains S, 


will be 
Cy S,S;, Poe Pelee ’ Rom Fay 


Now S, may be any symbol of the set; hence all the cycles 
of the substitution must contain the same number, m, of symbols. 


The substitution is therefore regular in the V symbols, and 
this can only be the case if m is a factor of NV. It follows at 
once, as was stated in § 15, that the order of any operation of a 
group of order V must be equal to or a factor of NV. 


All the substitutions in this form of representing a group 
being regular, the group itself is said to be expressed as a 
regular substitution group. 


21. The form, in which it has just been shewn that every 
group can be represented, is by no means the only form of 
representation possessing this property. Thus Hurwitz! has 
shewn that every group can be expressed as a group of rational 
and reversible transformations which change a suitably chosen 
algebraic curve (or Riemann’s surface) into itself. We shall see 
in Chapter XIV that every group can also be expressed as a 
group of linear transformations of a finite set of variables to a_ 
prime modulus. 


1 « Algebraische Gebilde mit eindeutigen Transformationen in sich,” Math. 
Ann., Vol. xii (1893), p. 421. 


CHAPTER III. 


ON THE SIMPLER PROPERTIES OF A GROUP WHICH 
ARE INDEPENDENT OF ITS MODE OF REPRESENTATION. 


22. IN this chapter we proceed to discuss some of the 
simplest of the properties of groups of finite order which are 
independent of their mode of representation. 


If among the operations of a group @ a certain set can be 
chosen which do not exhaust all the operations of the group G, 
yet which at the same time satisfy all the conditions of § 12 so 
that they form another group H, this group # is called a sub- 
group of the group G. Thus if S be any operation, order m, 
of G, the operations 


1 yen aie 


evidently form a group; and when the order of @ is greater 
than m, this group is a sub-group of G. A sub-group of this 
nature, which consists of the different powers of a single 
operation, is called a cyclical sub-group; and a group, which 
consists of the different powers of a single operation, is called 
a cyclical group. 

THeoreM I. If H is a sub-group of G, the order n of H is 
a factor of the order N. of G. 

Let tos ta ay fae 


be the x operations of H; and let S, be any _—— of G 
which is not contained in H. 
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Then the operations 


Ri ais 2 ees aa Ry ae * 
are all distinct from each other and from the operations of H, 
For if 7,8,=T,S,, 
then f ie ye 
contrary to supposition ; and if 
T,=T,8,, 
then ree Mme! heey 


and S, would be contained among the operations of H. 


If the 2n operations thus obtained do not exhaust all the 
operations of G, let S, be any operation of G not contained 
among them. 


Then it may be shewn, by repeating the previous reasoning, 
that the n operations 
Dig Baa aac ae Paes fb 
are all ditferent from each other and from the previous 2n 
operations. If the group G is still not exhausted, this process 


may be repeated; so that finally the NV operations of G can be 
exhibited in the form 


4 7 / 
Ded is ee eens. ees ee 
A 
en MR, Bato tte WAN, SSS arr oo dees 
roe Ard ES Pane stage! A's let apes 
cy / y 
Sm ? Tr, Sm-1 ? La bach le tcet ? Ln Saa % 


Hence V = mn, and n is therefore a factor of JN. 


When J is a prime p, the group G can have no sub-group other 
than one of order unity consisting of the identical operation alone. | 
Every operation S of the group, other than the identical operation, 
is of order p, and the group consists of the operations 


LS ge 


A group whose order is prime is therefore necessarily cyclical. 


23. THEOREM II. The operations common to two groups 
G,, G, themselves form a group g, whose order is a factor of the 


orders of G, and G. 
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For if S, 7’ are any two operations common to G, and G,, 
ST is also common to both groups; and hence the common 
operations satisfy conditions (a) and (8) of the definition in § 12. 
But their orders are finite and they must therefore satisfy also 
condition (vy), and form a group g. Moreover g is a sub-group 
of both G, and G,, and therefore by Theorem I its order is a 
factor of the orders of both these groups. 

If G, and G, are sub-groups of a third group G, then g is 
also clearly a sub-group of G. 


The set of operations, that arise by combining in every way 
the operations of the groups G, and G,, evidently satisfy the 
conditions of §12 and form a group; but this will not necessarily 
or generally be a group of finite order. If however G, and G, 
are sub-groups of a group G of finite order, the group g’ that 
arises from their combination will necessarily be of finite order ; 
it may either coincide with G@ or be a sub-group of G. In 
either case, the order of g’ will be a multiple of the orders of 


G, and G,. 


It is convenient here to explain a notation that enables 
us to avoid an otherwise rather cumbrous phraseology. Let 


ro ST ies Pee be a given set of operations, and G,, G,,...... a 
set of groups. Then the symbol 
fs Hee = eee Oke fe Pe Me 3 See i 


will be used to denote the group that arises by combining in 
every possible way the given operations and the operations of 
the given groups. 


Thus, for instance, the group g’ above would be represented 


by iG, Go} ; 
the cyclical group that arises from the powers of an operation 
S by US}5 


and, as a further example, the sixth group of §17 may be 
represented by | 
(ay), (w2)}- 


24. Definition. If S and 7 are any two operations of a 
group, the operations S and 7’ ST are called conjugate opera- 
tions; while 7ST is spoken of as the result of transforming 
the operation S by 7" 
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The two operations S and 7’ ST are identical only when S 
and 7’ are permutable. For if 


S=T— ST, 
then TS=NT. 


Two conjugate operations are always of the same order. 
a et rd Oe. f hgh i i 
st come ual bs 
Therefore, if S* = 1, 
Ce ed 
and conversely, if 
(Ceeerey ea 
then See ed ee es ie = 7 ee 


The operations S7’ and T7'S are always conjugate and 
therefore of the same order; for 


Sa he a 


Ex. Shew that the operations S,S)...... Dy pO a Dee ieee 
a Ae S,, are conjugate within the group {S,, S,,...... hat 


Definition. An operation S of a group G, which is 
identical with all its conjugate operations, is called a self- 
conjugate operation. Such an operation must evidently be 
permutable with each of the operations of G. 


In every group the identical operation is self-conjugate ; and in 
a group, whose operations are all permutable, every operation is 
self-conjugate. A simple example of a group, which contains self- 
conjugate operations other than the identical operation, while at the 
same time its operations are not all self-conjugate, is given by 


{(1234), (13)}. 


It is easy to shew that the order of this group is 8, and that (13) (24) 
is a self-conjugate operation. 


If all the operations of a group be transformed by a given 
operation, the set of transformed operations form a group. For 
if J, and T, are any two operations of the group, so that 7,7, 1s 
also an operation of the group, then 


SJ iD yee TS = $7 fi se ; 


25] CONJUGATE SUB-GROUPS 29 


hence the product of any two operations of the transformed 
set is another operation belonging to the transformed set, and 
the set therefore forms a group. Moreover the preceding 
equation shews that the new group is simply isomorphic 
to the original group. If G@ is the given group, the symbol 
S“GS will be used for the new group. When S belongs to the 
group G, the groups G and S“GS are evidently the same. 


Now unless S is a self-conjugate operation of G, the pairs of 
operations 7’ and S~'7'S will not all be identical when for 7’ the 
different operations of G are put in succession. Hence the 
process of transforming all the operations of a group by one of 
themselves is equivalent to establishing a correspondence 
between the operations of the group, which exhibits it as 
simply isomorphic with itself. 


Definitions. When H is a sub-group of @ and S is any 
operation of G, the groups H and SHS are called conjugate 
sub-groups of G. 

If H and S“HS are identical, S is said to be permutable 
with the sub-group H. This does not necessarily involve that 
S is permutable with each of the operations of H. 

If H and SHS are identical, whatever operation S is of 
@, H is said to be a self-conjugate sub-group of G. 

A group is called composite or simple, according as it does 


or does not possess at least one self-conjugate sub-group other 
than that formed of the identical operation alone. 


25. THEOREM III. The operations of a group G, which 
are permutable with a given operation T, form a sub-group H ; 
and the order of G divided by the order of H is the number of 
operations conjugate to T'*. 

If R, and R, are any two operations permutable with 7’, so 
that R,T=TR, and R,T=TR,: 
then R,R,T = R,TR,=TR, Rp, 
and therefore R,R, is permutable with 7. The operations 
permutable with 7’ therefore form a group H. Let n be its 
order and PY 4a eee ey. Fe 


* Among these T of course occurs, 


30 - OPERATIONS PERMUTABLE WITH [25 


its operations. Then if S is any operation of G not contained 
in H, the operations 


fs Faw cate pean a pina Nae anes 
all transform 7’ into the same operation 7”. 
For (R;S)71 TRS =S71R 7 TRS = STS. 


Also the n operations thus obtained are the only opera- 
tions which transform 7 into 7"; for if 


S78’ =" 
then SS “7TSS87=S7TS?*=T- 


and therefore S’S~ belongs to H. The number of operations 
which transform 7’ into any operation conjugate to it is 
therefore equal to the number that transform 7’ into itself, that 
is, to the order of H. If then WN is the order of G, the 


operations of G may be divided into a! sets of m each, such 


that the operations of each set transform 7 into a distinct 
operation, those of the first set, namely the operations of H, 
transforming 7’ into itself. The number of operations conjugate 


to 7, including itself, is therefore = 


Since T=ST’S-, 
therefore he TR, = ROOST Sak. 
hence T—S“*TS=S7R; TRS=S"Hh 8.7 Stan, 
so that every operation of the form S“A,S is permutable with 
T’. Hence if H is the group of operations permutable with 7, 
and if S2TS =T", 
then SHS is the group of operations permutable with 7”. 


It is convenient to have a symbol to represent the set of 
operations 


So BSS ha... aw, 
where deck ee 


form a group H. We shall in future represent this set of 
operations by HS; and we shall use SH to represent the set 


SOSA SR. SR 
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TuroreM IV. The operations of a group G@ which are 
permutable with a sub-group H form a sub-group I, which %s 
either identical with H or contains H as a self-conjugate sub- 
group. The order of G divided by the order of I 1s the number 
of sub-groups conjugate to H*. 

If S,, S, are any two operations of G which are permutable 
with H, then 

8,7-HS, =H, 8S,“ HS,= 4, 
and therefore 8,358,788, S, =H, 


so that S,S, is permutable with H. The operations of G 
which are permutable with H therefore form a group J, which 
may be identical with H and, if not identical with H, must 
contain it. Also, if S is any operation of J, 

SHS = H, 
and therefore H is a self-conjugate sub-group of J. 


If now > is any operation of G not contained in J, it may 
be shewn, exactly as in the proof of Theorem III, that the 
operations J= and no others transform H into a conjugate 
sub-group H’ which is not identical with H; and therefore 
that the number of sub-groups in the conjugate set to which 
H belongs is the order of G divided by the order of J. 


The operations of G which are permutable with H’ may 
also be shewn to form the group =—J%. 


It is perhaps not superfluous to point out that two 
distinct conjugate sub-groups may have some operations in 
common with one another. 


26. Let S, be any operation of G, and 


the distinct operations obtained on transforming S, by every 
operation of G. The number, m, of these operations is, by 
Theorem III, a factor of N, the order of G. Moreover if, 
instead of transforming S,, we transform any other operation of 
the set, S,., by every operation of G, the same set of m distinct 
operations of G will result. Such a set of operations we call a 
complete set of conjugate operations. If 7' is any operation of 


* Among these sub-groups H itself occurs, 
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@ which does not belong to this complete set of conjugate 
operations, no operation that is conjugate to 7’ can belong to 
the set. Hence the operations of G may be distributed into a 
number of distinct sets such that every operation belongs to 
one set and no operation belongs to more than one set; while 
any set forms by itself a complete set of conjugate operations. 
If m,, ms,......, ms are the numbers of operations in the different 
sets, then 
N=m +m t+...... + Ms; 


and, since the identical operation is self-conjugate, one at least 
of the m’s must be unity. 


Similarly, if H, is any sub-group of G, and 


the distinct sub-groups obtained on transforming H, by every 
operation of G, we call the set a complete set of conjugate 
sub-groups. If A is a sub-group of @ not contained in the set, 
no sub-group conjugate to K can belong to the set. If the 
operation S, belongs to one or more of a complete set of 
conjugate sub-groups, =—!S,= must also belong to one or more 
sub-groups of the set, = being any operation of G. Hence 
among the operations contained in the complete set of con- 
jugate sub-groups, the complete set of conjugate operations 


occurs. 


No sub-group of @ can contain operations belonging to 
every one of the complete sets of conjugate operations of G. 
For if such a sub-group H existed, the complete set of 
conjugate sub-groups, to which H belongs, would contain all 
the operations of G. Let m be the order of H and n (>m) the 
order of the sub-group J formed of those operations of G which 


are permutable with H. Then # is one of = conjugate sub- 


groups, each of which contains m operations. The identical 
operation is common to all these sub-groups, and they therefore 
cannot contain more than 


14 Mim—1) 
nv 
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distinct operations in all. This number is less than JN, and 
therefore the complete set of conjugate sub-groups cannot 
contain all the operations of G,. 


27. If a group contains self-conjugate operations, it must 
contain self-conjugate sub-groups. For the cyclical sub-group 
generated by any self-conjugate operation must be self- 
conjugate. The only exception to this statement is the case of 
the cyclical groups of prime order. Every operation of such a 
group is clearly self-conjugate ; but since the cyclical sub-group 
generated by any operation coincides with the group itself, 
there can be no self-conjugate sub-group’. 

If every operation of a group is not self-conjugate, or, in 
other words, if the operations of a group are not all permutable 
with each other, the totality of the self-conjugate operations 
forms a self-conjugate sub-group. For, if S, and S, are 
permutable with every operation of the group, so also is S,S). 


THEOREM V. The operations common to a complete set of 
conjugate sub-groups form a self-conjugate sub-group. . 


It is an immediate consequence of Theorem II that the 
operations common to a complete set of conjugate sub-groups 
form a sub-group. Also the set of conjugate sub-groups, when 
transformed by any operation of the group, is changed into 
itself. Hence their common sub-group must be self-conjugate. 


It may of course happen that the identical operation is the 
only one which is common to every sub-group of the set. 


Corollary. The operations permutable with each of a 
complete set of conjugate sub-groups form a self-conjugate 
sub-group. 

For, if the operations permutable with the sub-group H 
form a sub-group J, the operations permutable with every 
sub-group of the conjugate set to which H belongs are the 
operations common to every sub-group of the conjugate set to 
which JZ belongs. 


1 Strictly speaking, this statement should be qualified by the addition 
‘‘except that formed by the identical operation alone.” No real ambiguity 
however will be introduced by always leaving this exception unexpressed. 


B. 3 
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Further, the operations which are permutable with every 
operation of a complete set of conjugate sub-groups form a 
self-conjugate sub-group. 


THEOREM VI. Jf 7, 7,,..., 7). are a complete set of conjugate 
operations of G, the group {T;, T.,..., T,}, uf it does not coincide 
with G, is a self-conjugate sub-group of G; and it is the self- 
conjugate sub-group of smallest order that contains T,. 

Since the operations 7,, 7,,..., 7; are merely rearranged 


in a new sequence when the set is transformed by any operation 
of G, it follows that 


Ss les oe shee S= if, Cee T,}, 


whatever operation of G may be represented by S. Hence 
{T,, T),..., Tj 18 a self-conjugate sub-group. Also any self- 
conjugate sub-group of G that contains 7, must contain 
T,, T;,..., T.; and therefore any self-conjugate sub-group of G@ 
which contains 7, must contain {7,, 7,,..., 7,1. 


In exactly the same way it may be shewn that, if 
Hi, ts ee Hi, 


are a complete set of conjugate sub-groups of G, the group 
{H,, H,,..., Hs}, if 1t does not coincide with G, is the smallest 
self-conjugate sub-group of G which contains the sub-group A,. 


The theorem just proved suggests a process for determining 
whether any given group is simple or composite. To this end, 
the groups {7;, 7;,..., Z',} corresponding to each set of conjugate 
operations in the group are formed. If any one of them 
differs from the group itself, it is a self-conjugate sub-group 
and the group is composite; but if each group so formed 
coincides with the original group, the latter is simple. If 
the order of 7, contains more than one prime factor and 
if 7" is of prime order, it is easy to see that the distinct 
operations of the set 7\", 7,™,..., 7 form a complete set of 
conjugate operations, and that the group {7;, 7,,..., T;,} contains 
the group {7\", 7,”,..., T,™}.. Hence practically it is sufficient 
to form the groups T., T’,,..., T',| for all conjugate sets of opera- 
* tions whose orders are prime. 


With the notation of § 26 (p. 32), the order of any self: 
conjugate sub-group of G must be of the form m,+mg+...... 
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for if the sub-group contains any given operation, it must contain all 
the operations conjugate with it. Moreover one at least of the 
numbers 17, Mg,...--. must be unity, since the sub-group must 
contain the identical operation. It may happen that the numbers 
m, are such that the only factors of NV of the form ma + mg + ...... 
one of the m’s being unity, are V itself and unity. When this i is 
the case, G' is necessarily a simple group. It must not however 
be inferred that, if V has factors of this form, other than J itself 
and unity, then @ is necessarily composite. 


If G, and G, are sub-groups of G, it has already been seen 
(§ 23) that the operations common to G, and G@, form a sub- 
group g of G; and it is now obvious that, when G, and G, are 
self-conjugate sub-groups, so also is g. Moreover the group 
G,, G,} is a self-conjugate sub-group unless it coincides with 

l> 2) * 
G. For 

so Gs: (| += Come Bi Ss" Ga 1G: 


Again, with the same notation, if 7’, is an scene of G 
not contained in the self-conjugate sub-group G,, and if 
T,, T,,..., T, is a complete set of conjugate operations, the 
group {G,, 7), 7,,..., 7,} is a self-conjugate sub-group, unless 
it coincides with G. 


Definitions. If G,, a self-conjugate sub-group of G, is 
such that the group 


(Gl das yt 
coincides with G, when 7}, 7;,..., 7, is any complete set of 
conjugate operations not contained in G,, then G, is said to be 
a maximum self-conjugate sub-group of G. This does not 
imply that G, is the self-conjugate sub-group of @ of absol- 
utely greatest order; but that there is no self-conjugate sub- 


group of G, distinct from G itself, which contains G, and is of 
greater order than G,. 


If H is a sub-group of G, and if, for every operation S of G 
which does not belong to H, the group {H, S} coincides with G, 
H is said to be a maximum sub-group of G. 


28. Definition. When a correspondence can be estab- 
lished between the operations of a group @ and the operations 
of a group G’, whose order is smaller than the order of G, such 
that to each operation S of G@ there corresponds a single 


3—2 
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operation S’ of G’, while to the operation S,S, there corresponds 
the operation S,’S,’, the group @ is said to be multiply isomor- 
phic with the group G’. 


THEOREM VII. Jf a group G is multiply isomorphic with 
a group G’, then (i) the operations of G, which correspond to 
the identical operation of G', form a self-conjugate sub-group of 
G ; (ii) to each operation of G’ there correspond the same number 
of operations of G; and (iu) the order of G is a multiple of the 
order of G’. 


Let ato es ie 


be the set of operations of G which correspond to the identical 
operation of G’. These operations must form a group, since to 
S,S, corresponds the operation 1.1, i.e. the identical operation 
of G’; and therefore S,S, must belong to the set. 


Again, to the operation 78,7 of G corresponds the opera- 
tion 7’ .1, 7”, that is, the identical operation of G’. Hence, 
whatever operation of G is taken for 77, 


POSS es Sy et ee nol 
The sub-group [' of G formed of the operations 
Sis is Pose as 
is therefore self-conjugate. 


Again, if 7’ and 7, are two operations of G which correspond 
to the operation 7” of G’, the operation 7'“7, corresponds to 
the identical operation of G’, and therefore belongs to I. 
Hence the operations that correspond to 7” are all contained 
in the set 7T. The operations of this set are all distinct and 
equal in number to the order of I’. Hence if n is the order of 
I’, to each operation of G’ there correspond n operations of G. 


Finally, since to each operation of G there corresponds only 
one of G’, while to each operation of G’ there correspond n of G, 
the order of G is n times the order of G’. 


To any sub-group of G’ of order yw, there corresponds a 
sub-group of G of order wn. For if 7',’7,' forms one of the 


set 
/ Jat 7 yyy Fs 
BR tt plc tee eis 
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at least one, and therefore all, of the set 77,0 must occur 
among 
Be fabs, bets i hae 
and hence these operations form a group. Moreover, if the 
sub-group of G' is self-conjugate, so also is the corresponding 
sub-group of G. 
It should be noticed that no correspondence is thus 


established between a sub-group of G which does not contain 
I’ and any sub-group of G’. 


29. The relation of multiple isomorphism between two 
groups can be presented in a manner rather different from that 
of the last paragraph. Let G@ be any composite group, and 
I a self-conjugate sub-group of @ consisting of the operations 


: i Tec, Ly-1- 


Then, as in § 22, the operations of G can be arranged in the 
scheme 


4 4 
1 5) a; ? ii 5) ? tans ’ 
4 4 4 
S, ) fires ’ HEN ? ? die ? 
oY 4 
S; 5) T'S; ) fF peer f MT. P ) 


Dia fire Pe {ifioe aee Pad? Lat 
Now I being a self-conjugate sub-group of G, it follows that 
S;OCS; = i Bs 


and therefore the two sets of operations ['S; and S,;I coincide 
except as regards arrangement. Hence 


1.8.7.8; =T.TyS,S; = £,8,8;, 


where S;T,8;7 = Ts, 
and TT p = fA ’ 


so that both 7, and 7, belong to T. Now all the operations of 
the set I'S;S; occur in a single line, say the (k+1)th, of the 
above scheme. Hence if any operation of the (i+ 1)th line be 
followed by any operation of the (j+1)th line, the result is 
some operation of the (&+1)th line. If then we regard the 
set of operations contained in each line of the scheme as a 
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single entity, they will by their laws of combination define a 
new group of order m. In fact, if we denote these entities by 


Ne Aer Cae } cg, 
a relation of the form 
S'S; ue iS; 


has been proved to hold for every pair. Moreover, these rela- 
tions necessarily obey the associative law ; for if 


S;'Sy mae S,, 
then the relation S, Sy = S/8_ 


follows in consequence of the symbols of G itself obeying the 
associative law. The symbol S,’, corresponding to the first line 
of the scheme, is clearly the symbol of the identical operation in 
the new group thus defined. 


If now G and I coincide with the groups of the preceding 
paragraph which are represented by the same symbols, then G’ 
of the preceding paragraph must be simply isomorphic with the 
group whose operations are 


bs hs NE Sn: 

It follows that a group G' with which a group G@ is 
multiply isomorphic, in such a way that to the identical opera- 
tion of G' there corresponds a given self-conjugate sub-group 
I’ of G,is completely defined (as an abstract group) when G 
and [are given. This being so it is natural to use a symbol 
to denote directly the group thus defined in terms of G and 
I’. Herr Holder’ has introduced the symbol 

ss 

3 
to represent this group; he calls it the quotient of @ by I, 
and a factor-group of G. We shall in the sequel make constant 
use both of the symbol and of the phrase thus defined. 

It may not be superfluous to notice that the symbol = has 


ts 


1 « Zur Reduction der algebraischen Gleichungen,” Math. Ann. xxxiv (1889), 
p- 31. 
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no meaning’, unless [' is a self-conjugate sub-group of G. 
Moreover, it may happen that G has two simply iso- 
morphic self-conjugate sub-groups [ and [’’. When this is 
the case, there is no necessary relation between the factor- 


groups 7 and a (except of course that their orders are equal) ; 


in other words, the type of the factor-group : depends on the 


actual self-conjugate sub-group of G which is chosen for I’ and 
not merely on the type of I’. 


Further, though in relation to its definition by means of G 


and L’ we call a factor-group of G, we may without ambiguity, 


since the symbol represents a group of definite type, omit the 
word factor and speak of the group = 
It is also to be observed that G has not necessarily a 


sub-group simply isomorphic with Z . This may or may not be 


E 


the case. 


30. If G is multiply isomorphic with G’ so that the self- 
conjugate sub-group I’ of G corresponds to the identical 
operation of G’, it was shewn, at the end of § 28, that to any 
self-conjugate sub-group of G’ there corresponds a self-conjugate 
sub-group of G containing I’. Hence, unless r is a simple 
group, I’ cannot be a maximum self-conjugate sub-group of 


G. If g is any self-conjugate sub-group of = and G, the 
corresponding (necessarily self-conjugate) sub-group of G, con- 


taining I’, we may form the factor-group and determine 


G 
G. ? 
1 
again whether this group is simple or composite. By continuing 
this process a maximum self-conjugate sub-group of G, con- 

taining I’, must at last be reached. 


_ | Herr Frobenius has extended the use of the symbol to the case in which I 
18 any group, whether contained in G or not, with which every operation of G is 
permutable : ‘* Ueber endliche Gruppen,” Berliner Sitzungsberichte, 1895, p. 169. 
We shall always use the symbol in the sense defined in the text. 
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31. Though = is completely defined by G and I, where 


is any given self-conjugate sub-group of G, the reader will 
easily verify that G is not in general determined when I and 


— are given. 
r § 


We shall have in the sequel to consider the solution of 
this problem in various particular cases. There is, however, in 
every case one solution of it which is immediately obvious. 
We may take any two groups G, and G,, simply isomorphic 
with the given groups I and such that G, and G, have 
no common operation except identity, while each operation 
of one is permutable with each operation of the other. The 
group {G,, G,}, formed by combining these two, is clearly such 

{Gi, Go} 
that G, 
solution of the problem. 


is simply isomorphic with a, it therefore gives a 


Definition. If two groups (4, G, have no common opera- 
tion except identity, and if each operation of G, is permutable 
with each operation of G,, the group {G,, G,} is called the 
direct product of G, and Gy). 


Ex. If H, h are self-conjugate sub-groups of G, and if h is 


contained in //, so that a is a self-conjugate sub-group of shew 


that the quotient of = by = is simply isomorphic with a 
32. If H is a self-conjugate sub-group of G, of order m, and if 
ce G’ 

H' is a self-conjugate sub-group of G"’, of order nm’, and if 71 and Hy 
are simply isomorphic, a correspondence of the most general kind | 
may be established between the operations of G and G’. To every 
operation of & (or G’) there will correspond x’ (or 7) operations of 
G’ (or @), in such a way that to the product of any two operations 
of G (or G’) there corresponds a definite set of 2’ (or 2) operations 


of G’ (or G@). Let 
Gel kl a, etd tet ee Pi 2 a 
and Ones « anes Are « Mayo (Mat 


Y i 


G G ae f 
Hi and yf let S, and S, 


and in the simple isomorphism between 
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(r=0, 1,..., m—1) be corresponding operations. Then if we take 
the set S,’//' as the n’ operations of G’ that correspond to any 
operation of the set S,./ of G, and the set SH as the ~ operations 
of G that correspond to any operation of the set S,’H’ of G’, the 
correspondence is, in fact, established. 

For, if 4,’ and h,' are any two operations of //’, the set of opera- 
tions S,/1,'S,h,' includes n’ distinct operations only, namely those of 
the set S,'S,H’. Hence to the product of any given operation of 
the set S,./7 by any given operation of the set S, //, there corresponds 
the set of ~’ operations S,S,7/'; at the same time the product of the 


two given operations belongs (in consequence of the isomorphism 


Y / 


between = and ] 7) to the set S.S,H. The same statements clearly 


hold when we interchange accented and unaccented symbols. 
We still speak of G and G’ as isomorphic groups, and the 
correspondence between their operations is said to give an m-to-n’' 
isomorphism of the two groups. We shall return to this general 
form of isomorphism in dealing with intransitive substitution groups. 


33. Definition. Two groups G and @’ are said to be 
permutable with each other when the distinct operations of 
the set S;S;, where for S; every operation of the group @ is 
put in turn and for S;’ every operation of the group G’, coincide 
with the distinct operations of the set S/S; except possibly 
as regards arrangement. 


If the two groups G and G’ are permutable, the group 
{G, G’} must be of finite order. For, by the definition, every 
operation 

HE NC 8 ON RES 
can be reduced to the form S;S; ; and therefore the number of 
distinct operations of the group {G, G’} cannot exceed the 
product of the orders of Gand G’. Let g be the group formed 
of the common operations of Gand G. Divide the operations 
of these groups into the sets 


J; >] > DoJ perry > HE 
/ «a +7 a 
and 9; ga ’ gs ee er ) g= nee 


Then every operation of the set S;S; can clearly be ex- 
pressed in the form 
~ S! 
<p =9> 
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where vy 1s some operation of g. And no two operations of this 
form can be identical, for if 


LwVim¢ = LY Lt » 


then yEhe Bee ig ees > aaa 

so that =,/%,'—! belongs to g. But this is ane possible if 
= Xy, 

which leads to 2 = Dp 

and J. =. 


The order of {G, G’} is therefore the product of the orders of G 
and G’, divided by the order of g. 


If every operation of G is permutable with G’, then g must 
be a self-conjugate sub-group of G. For G and @’ are trans- 
formed, each into itself, by any operation of G; and therefore 
their common sub-group g must be fretormned into itself by 
any operation of G. 


Moreover those operations of G, which are permutable with 
every operation of G’, form a self-conjugate sub-group of G. 
For if 7’ is an operation of G, which is permutable with every 
operation S’ of G’, so that 


T-7S'T=S8"', 
and if S is any operation of G, then 
Seales 897 8 Sts 0 os 

so that S77'S is permutable with every operation of G’. Hence 
every operation of G, which is conjugate to 7’, is permutable 
with every operation of G’; and the operations of G, which are 
permutable with every operation of G’, therefore form a self- 
conjugate sub-group. 

If G is a simple group, g must consist of the identical 
operation only; and either all the operations of G, or none of 
them, must be permutable with every operation of 6”. 


A special case is that in which the two groups G’ and G@ are 
respectively a self-conjugate sub-group I and any sub-group Hf 
of some third group; for then every operation of H is per- 
mutable with I’. If H is a cyclical sub-group generated by an 
operation S of order n, and if S™ is the lowest power of S 
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which occurs in I’, then m must be a factor of n. For if m/’ is 
the greatest common factor of m and n, integers x and y can be 
found such that 

om + yn =m. 


Now Sv’ = Semtyn — S7, 


and therefore 8S” belongs to I’. Hence m’ cannot be less than 
m, and therefore m is a factor of n. Moreover, since {S’} is 


a sub-group of T, the order of I must be divisible by = 


Hence :— 


THEOREM VIII. Lf an operation S, of order n, is permutable 
with a group TV, and if 8S" is the lowest power of S which occurs 


; ee 
wv LV; then m ts a factor of n, and 7 Juctor of the order 


oft. 
The operations of {I', 8} can clearly be distributed in the 
sets 
POPS, Tas 


and no two of the operations S, S?,..., S”— are conjugate in 


(T, S}. 


34. A still more special case, but it is most important, is 
that in which the two groups are both of them self-conjugate 
sub-groups of some third group. If in this case the two groups 
are G and H, while S and 7’ are any operations of the two 
groups respectively, then 

Posmay 6 fo i 


and T3AGi=G: 


so that every operation of G is permutable with H and every 
operation of H is permutable with G. 

Consider now the operation S~'7''S7. Regarded as the 
product of Sand 7ST it belongs to G, and regarded as the 
product of S77—S and 7 it belongs to H. Every operation of 
this form therefore belongs to the common group of G and H, 
If G and H have no common operation except identity, then 


we. Sd = I, 
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or Si’ = TS; 


and S and 7’ are permutable. Hence :— 


THEOREM IX*. Jf every operation of G transforms H into 
self and every operation of H transforms G into itself, and 
of G and H have no common operation except identity ; then 
every operation of Gis permutable with every operation of H. 


Corollary. If every operation of G transforms H into itself 
and every operation of H transforms G into itself, and if either 
G or H is a simple group; then G and H have no common 
operation except identity, and every operation of G is ee 
with every operation of H. 


For, by § 33, if G and H had a common sub-group, it would 
be a self-conjugate sub-group of both of them; and neither of 
them could then be simple, contrary to hypothesis. Conse- 
quently, the only sub-group common to G and H is the 
identical operation. 


35. If V and W’ are the orders of two permutable groups G and 
G’, the VN’ equations expressing every operation of the form SS’, 
where S belongs to G and S’ to G’, in the form 3&’3, where = and 3 
belong to G and @’ respectively, are never all independent. In 
particular, if 


are a set of independent generating operations of G’, and 
7 Mee Bas it, 
their orders, it is clearly sufficient that each operation of the form 
¥S a . po - . 
Sony eels yrs. tye bp le oe oa) 


should be capable of expression in the form =X’. 
When, in fact, these conditions are satisfied, it is always possible 
by a series of steps to express any operation S’S in the form 3’. 


Ex. 1. Shew that, in the group whose defining relations are 
7 Ae Wee eee Vee Uwe anos 


the three operations A*, B-1A°B, BAB" are permutable and that 
they form a complete set of conjugate operations. Hence shew that 
{A*, Bt is a self-conjugate sub-group, and that the order of the group 
is 24. 


1 Dyck, ‘‘ Gruppentheoretische Studien,” Math, Ann. Vol. xx11 (1883), p. 97. 
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_ Ex. 2. Shew that the cyclical group generated by the substitu- 
tion (1234567) is permutable with the group 


{(267) (345), (23) (47)}; 
and that the order of the group resulting from their product is 168. 


Ex. 3. If g, and g, are the orders of the groups G, and G,, y 
the order of their greatest common sub-group and g the order of 
{G',, @,}, shew that 


IV Z2ANI» 
and that, if gy = 9,42, then G, and G, are permutable. (Frobenius.) 


Ex. 4. If G, and @, are two sub-groups of & of orders g, and g., 
and S any operation of G, prove that the number of distinct opera- 
tions of G contained in the set S,SS,, when for S, and S, are put in 


turn every pair of operations of G, and G, respectively, is aim a 
being the order of the greatest sub-group common to S~1G,S and G,. 

If 7’ is any other operation of G, shew also that the sets S\SS, 
and S,7'S, are either identical or have no operation in common. 


(Frobenius. ) 


Ex. 5. Ifa group @ of order mn has a sub-group // of order n, 
and if » has no prime factor which is less than m, shew that // 
must be a self-conjugate sub-group. (Frobenius. ) 


CLAD rh. FV. 


ON ABELIAN GROUPS. 


36. WE shall now apply the general results, that have 
been obtained in the last chapter, to the study of two special 
classes of groups; in the present chapter we shal] deal par- 
ticularly with those groups whose operations are all permutable 
with each other. | 


Definition. A group, whose operations are all permutable 
with each other, is called an Abelian’ group. 


It is to be expected (and it will be found) that the theory of 
Abelian groups is much simpler than that of groups in general ; 
for the process of multiplication of the operations of such groups 
is commutative as well as associative. 


Every sub-group of an Abelian group is itself an Abelian 
group, since its operations are necessarily all permutable. For 


! On Abelian groups, the reader may consult Frobenius and Stickelberger, 
‘‘Ueber Gruppen vertauschbarer Elemente,” Crelle’s Journal, Vol. uxxxv1 (1879), 
p. 217; and a very complete discussion in the second volume of Herr Weber’s 
recently published Lehrbuch der Algebra. In the proof of the existence of a 
set ie independent generating operations (§ 41) we have directly followed Herr 
Weber. 

The name ‘Abelian group” has been applied by M. Jordan (Traité des sub- 
stitutions etc. pp. 171 et seq.) to an entirely different class of groups, whose 
operations are not permutable. Most writers, we believe, have used the phrase 
in the sense defined in the text. 

The connection of Abel’s name with groups of permutable operations is due 
to his having been the first to investigate, with complete generality, the applica- 
tion of such groups to the theory of equations, ‘‘Mémoire sur une classe 
particuliére d’équations résolubles algébriquement,” Crelle’s Journal, Vol. Iv 
(1829), p. 131; or Collected Works, 1881 edition, Vol. 1, p. 478, 
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the same reason, every operation and every sub-group of an 
Abelian group is self-conjugate both in the group itself and in 
any sub-group in which it is contained. 

If @ is an Abelian group and H any sub-group of G, then 
since H is necessarily self-conjugate, there exists a factor- 


group - and this again must be an Abelian group. (The 


: G 
reader must not however infer that, if H and — are both 


fel 
Abelian, then G is also Abelian. It is indeed clear that this 
is not necessarily the case.) 


37. Let now G@ be any Abelian group, and let p™” be the 
highest power of a prime p that divides its order. We shall 
first shew that G has a single sub-group of order p™, consisting 
of all the operations of G whose orders are powers of p. 


If S,, S, are any two operations of G, it follows from § 33, 
that, because S, and S, are permutable, the order of {S,, S,} is 
equal to or is a factor of the product of the orders of S, and S,. 
So again, if S; is an operation of G not contained in ‘S,, S,', the 
order of {S,, S,, S;} 1s equal to or is a factor of the product of 
the orders of {S,, S,} and S;. Now by continually including a 
fresh operation, not contained in the group already arrived at, 
we must in this way after a finite number of steps arrive at the 
group G, whose order is divisible by p. Hence, among the 
operations S,, S,, S;,...... , there must be at least one whose 
order is divisible by p, and some power of this, say S, will be 
an operation of order p. Now, if m is greater than unity, the 
order of the factor-group ct which is also Abelian, is divisible 
by p, and therefore this factor-group must have an operation of 
order p. Hence G will (§ 28) contain a sub-group of order 
p. If m is greater than 2, the same reasoning may be 
repeated to shew that G has a sub-group of order p*, and so on, 
Hence, finally, G has a sub-group of order p™. Let H be this 
sub-group ; and suppose if possible that @ contains an operation 
1’, whose order is a power of p, which does not belong to H. 
Then {H, 7} is a sub-group of G, whose order is a power of p, 
greater than p”; and this is impossible (§ 22). The sub-group 
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H must therefore contain all the operations of G whose orders 
are powers of p. Hence :— 


THEOREM I. If p” is the highest power of a prime p that 
divides the order of an Abelian group G, then G contains a 
single sub-group of order p™, which consists of all the operations 
of G whose orders are powers of p. 


38. Let the order of G be 
N= p™ ; p.m en py 


where p,, Po,..+++- , Pn are distinct primes; and let 
fa POE s Pore & ae se 
be the sub-groups of G of orders 
py" 1 , po", eae Wis ; Di i 


Since the orders of H, and H, are relatively prime, they 
can have no common operation except identity; and therefore 
the order of {H,, H,} is p,™p.™. This sub-group contains all 
the operations of G whose orders are relatively prime to 

N 
pi pe” J 
contained in {H,, H,}, then {H,, H., T} would be a sub-group 

of G, of order p,p,™, where n, >m, if a >0 and n, > m, if B>0; 
and this is impossible (§ 22). 


This process may clearly be continued to ee that, if 
N =upyv, where pw and v are relatively prime, then G contains a 
single sub-group of order yw, consisting of all the operations of 
G whose orders are relatively prime to v. Moreover @ itself is 


the direct product (§ 31) of H,, H,,...... ee 5 Se 


For if 7’ were an operation of G of order p,*p,8, not 


39. The first problem of pure group-theory that presents 
itself in connection with Abelian groups is the determination 
of all distinct Abelian groups of given order N. Let A, 
and H,’ be two distinct Abelian groups of order p,”, i.e. two 
groups which are not simply isomorphic. Then two Abelian 
groups of order NV, whose sub-groups of order p,™ are simply 
isomorphic with H, and H,’ respectively, are necessarily distinct. 
Since then G is the direct product of Hy, H,,...... , Hy; ie 
general problem for any composite order NV will be completely 
solved when we have determined all distinct types of Abelian 
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groups of order p,™, p.™,...... , pn™. We may therefore, for the 
purpose of this problem, confine our attention to those Abelian 
groups whose orders are powers of primes. 


40. Suppose then that G is an Abelian group whose order 
is the power of a prime. If among the operations of G we 
choose at random a set 


ir jer a. 


from which the group can be generated, they will not in 
general be independent of each other. 


As an instance, we may take the group whose multiplication 
table is :— 


Lok Roe Pee oe. 
Lie FP Pee 
PsP OP. Po ep PP, 
PalPoe Pe ol Bo PoP PP 
BAP AP RP ee oP IP. 
Be oR. OP PoP Be Pep. 
PoP eek PPP PP 
PAP Pe PP PoP GP 
PoP Pp Pp Pep 1 PP 


Here P, and P; are two operations from which every operation 
of the group may be generated: an inspection of the table will 
shew that they are connected by the relation 

| ed afte 


On the other hand, if we choose P, and P, as generating 


operations, we find that every operation of the group can be ex- 
pressed in the form 


Se SF it (a=0, 1, 2,3; B=0, 1), 
while the only conditions to which the permutable operations P, 
and P, are submitted are 
DSR N iogel! «Pykana Ws 


The question then arises as to whether G can be generated 
by a set of permutable and independent operations, i.e. by a 
set of permutable operations which are connected by no 
relations except those that give their orders. That this 


B, 4 
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question is always to be answered in the affirmative may be 
proved in the following manner. 


41. Let the order of G be p”; and let P, be an operation 
of G whose order p™ is not less than that of any other opera- 
tion of the group. Then every operation of the group satisfies 
the equation . 
re di 2 

If m, =m, the order of {P,} is equal to the order of G; the 
latter is then a cyclical group generated by the operation P,. 

If m,<m, G must contain other operations besides those of 
{P,}. Denoting {P,} by G,, let Q be any operation of G not 
contained in G,, and let Q* be the lowest power of Q that is 
contained in G,. Then (§ 33) a must be a power of p; and 
when for Q each operation of G that is not contained in G, is 
taken in turn, a must have some maximum value, say p™. 
Since no operation of G is of greater order than p™, it follows 
that m.<m, We may suppose then Q to be an operation of 
G, such that Q?”" is the lowest power of Q which is contained 
a Gi: 
Then Ge. 
and Qe =] = Pwr”, 
so that 2, is divisible by p™ and may be expressed in the form 
xp”. The case ;=0 forms no exception to this statement, 
since \, is congruent to zero, mod. p™; but we actually take 
x = (0 in this case. 

If now we write OP 7 *=P;: 
then P,P": = 1, 


and P,”": is the lowest power of P, which is contained in G. 
Let the sub-group {P,, Q} be denoted by G,. Then G, is” 
generated by the two independent operations P, and P, of 
orders p™ and p™; and every operation S of G@ is such that 

Se = P.™, 
where a, is divisible by p™. 


This process may now be continued step by step. That 
it will ultimately lead to a representation of G as generated 
by a set of independent operations may be shewn by induction. 
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To this end, we will suppose that a sub-group G, has been 
arrived at which is generated by the n independent operations 


YOR oP RT EE Ae 
of orders | ee Pere e aes 
where th > Ma Sse >Mn. 


Where @: @;;....:. , M,_, are all divisible by p™. In the special 
case n = 2 these suppositions have been justified. 


Let Q’ be any operation of G, and let Q’@ be the lowest 
power of Q that occurs in G,. Then when for Q’ each operation 
of G that is not contained in G, is taken in turn, a will have 
a certain maximum value, say p”"; and from the suppositions 
made above, m+, is not greater than m,. We may therefore 
write 

eet a PA PSPs... Pe P,P, 
and hence 
Q’r™ me Ps pmn ~Mn41 P,pv™ ~My 44 


Pes pm, ~My41 P,P. pm, —~ Mp1 


ROW Po Pa cece. , P,, are independent; it follows there- 
fore from the second assumption made above, that the 
exponents of P,, P,,...... , P,, in this last equation are divisible 
by p™; and hence that 8,, A,,...... , By are divisible by p™™. 


If we now suppose that Q’ itself is chosen so that Q’?”"" is 
the lowest power of Q that occurs in Gp, then 


OF a Pe OP Daeg ister 
hence, if 4G aes! gr dna Tee rf, = Poy, 
then | At =1; 
and P?""** is the lowest power of P that occurs in G,. Hence 
meeuy if ,, Py,.-...: , Pr, Q'} is generated by the n+1 inde- 
pendent operations P,, P,,...... i Peay OF ONRGRS 7, 0755. : 
ger (m, 3m, 2...... > Mn); and S being any operation of G, 

Set = Pn Pv,.....P yr, 

where 9, Ya,--++-- , Yn are divisible by p™*. 
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This completes the proof by induction, and we may now 
state the result in the form of the following theorem :— 

THEOREM II. An Abelian group of order p”, where p is a 
prime, can be generated by r(<m) independent operations P,, 
Nga peer es OF OTders: 7, 9, cass c , p™-, where 

M, + My+ ... + M,=M, 
and m, > Mm>...... >m,. Moreover if u is any positive integer 
such that ms > @ > M4, while Q is any operation of the group, then 
Qe Pa, Es, 
WHEE Oy, Ons.ceees , a; are divisible by p”. 

The actual existence of the set of independent generating 
operations is demonstrated by the above inductive proof. 
The other inferences in the theorem may be established as 
follows. A set of independent permutable operations of orders 
20k Oy , p™ generate a group of order p™t™t..+™, and 


therefore 
My + Mg + oroeee +m, =™M. 


Since each number in this equation is a positive integer, 
the number of terms on the left-hand side cannot be greater 
than m. Hence : 
rem; 
and, if =m, every operation of the group except identity is of 
order p. 

Finally, from the above inductive proof it follows that, if Q 
is any operation of the group, then 


Qu! — PAPSr.,.... PP, 


where B,, Bo, senees ’ Bs are all divisible by pi, 
Hence Qo ee POP OP See i ber 
= Ps Ps eovcece ate 
where , %,.....-, @ are all divisible by p*. 


42. It is clear, from the synthetic process by which it has 
been proved that an Abelian group of order p” can be generated 
by a set of independent operations, that a considerable latitude 
exists in the choice of the actual generating operations ; and 
the question arises as to the relations between the orders of the 
distinct sets of independent generating operations. 

The discussion of this question is facilitated by a considera- 
tion of certain special sub-groups of G. If A and B are two 
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operations of (, and if the order of A is not less than that of B, 
the order of AB is equal to, or is a factor of, the order of A. 
Hence the totality of those operations of G whose orders do not 
exceed p*, or in other words of those operations which satisfy 
the relation 
Sv =1, 

form a sub-group G,. The order of G, clearly depends on the 
orders of the various operations of G and in no way on a special 
choice of generating operations. Now if 


belongs to G,, then 


which is less than p, then a,4,,...... , 4 may have any values 
whatever; but a, (¢=1, 2,...... , 8) must be a multiple of p™. 

It follows from this that G, is generated by the r indepen- 
dent operations 


Mm, — My — fh Ms— 
Deg ; 5 Yi : gereeee ’ 2 , 8+1> eereee > Ye 
If then the order of G, is p’, we have 
ss 
v= ps + ba mm. 
s+1 


The order of G,, the sub-group formed of all operations of G 
whose order is p, is clearly p”. 


43. Suppose now that by a fresh choice of independent 
generating operations, it were found that @ could be generated 
by the 7’ independent operations 


/ if / 
2 > 2 geeeece > P 7’ 
of orders | aT: seer »p™, 
where i > We oe, > my». 


If m’,4, 1s the first of this series which is less than yw, the 
order of G, will be p”’, where 
is 
y' = ps’ + > m’. 
his | 
The order of G@, is independent of the choice of generating 
operations ; so that for all values of w 


, 
v=). 
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Hence, by taking n= 1, 
r=, 
or the number of independent generating operations is indepen- 
dent of their choice. 
If now m=m (¢=st+1, s+ 2.,...... rn) 
and Mm,>™M,, 
and if we choose pw so that 


Ms, > bL>M, ; 


then y = ps+ S mt; 
st1 
and yp’ = p(s —1)+m, + 53 mM. 
The condition op ae 
gives b= Ms, 


in contradiction to the assumption just made. 


Similarly we can prove that the assumption m,’ > m, cannot 
be maintained ; hence , 

| Ms= Mz | 

and therefore, however the independent generating operations 

of G are chosen, their number is always r, and their orders are 


p™, pm, are : pm. 


44. If G’ is a second Abelian group of order p”, simply 
isomorphic with G, and if 


A / 
es, cay ag 
of orders Dt pa: Ay uae 
where eM >mM,, 


are a set of independent generating operations of G’, exactly the 
same process as that of the last paragraph may be used to shew 
that 

ae a 
and Ltd [OM (eae Wap ase rg} 

In fact, since corresponding operations of two simply iso- 
morphic groups have the same order, the order of G, must be 
equal to the order of G,’; and this is the condition that has 
been used to obtain the result of the last paragraph. 


Two Abelian groups of order p” cannot therefore be simply 


Sn ae ae ees 
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isomorphic unless the series of integers m,, my,,...... , m, is the 
same for each. On the other hand when this condition is satis- 
fied, it is clear that the two groups are simply isomorphic, since 
by taking P, and P, (s=1, 2....... , r) as corresponding opera- 
tions, the isomorphism is actually established. 

The number of distinct types of Abelian groups of order 
p”, where p is a prime, i.e. the number of such groups no one 
of which is simply isomorphic with any other, is therefore equal 
to the number of partitions of m. When the prime p is given, 
each type of group may be conveniently, and without ambiguity, 
represented by the symbol of the corresponding partition. 
Thus the typical group G@ that we have been dealing with 
would be represented by the symbol (m,, my,...... , My). 


45. Having thus determined all distinct types of Abelian 
groups of order p™, a second general problem in this connec- 
tion is the determination of all possible types of sub-group 
when the group itself is given. This will be facilitated by the 
consideration of a second special class of sub-groups in addition 
to the sub-groups G, already dealt with. 

If S and S’ are any two operations of G, then 

S”* S'* = (SS')?" ; 
and therefore the totality of the distinct operations obtained by 
raising every operation of G to the power p* will form a 
sub-group H,. 

If Mz > fb > Mp4, 
then (Theorem II, § 41) 

Se ae ee ee Sara 


S being any operation of G. Hence H, is generated by the s 
independent operations 


and the order of H, is p»’ ™. 

46. Let now I of type (m, ng,...... , Ns) be any sub-group of 
G. The order of the group I, formed of all the operations of 
I which satisfy the equation 


§? =1, 
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is p* (§ 42). This group must be identical with or be a sub- 
group of G,, whose order is p”. Hence 


B<T, 
ie. the number of independent generating operations of any 


sub-group of G is equal to or is less than the number of inde- 
pendent generating operations of G itself. 


If p” is the order of IT, there must be one or more sub- 


groups of G of order p”*! which contain [; for = has operations 


of order p. Hence I’ must be contained in one or more 
sub-groups of G of order p”. We may begin then by 
considering all possible types of sub-groups of G of order p™—. 
Let g be such a sub-group and (m,', m,’,...... ,m'y) its type; and 
suppose that 

id CA Fey Asin ,k-1), 


and My = My. 
Then if MzE< Mr , 


the order of h,,,, the sub-group of g which results by raising all 
its operations to the power p™, is greater than the order of Hy, 
This is impossible, since h»,, must coincide with H,, or with one 
of its sub-groups. Hence 


My < mM. 
r . 
Now Sm, =im—-1; 
a 1 
therefore mM, =n, —1, 
and Wie We A, aoe Tr) 


In the particular case in which m, is unity if we take k 
equal to r, m, is zero; and in this case g would have r—1 
generating operations. 

It is easy to see that sub-groups of order p”” and of all 
the types just determined actually exist. For 


b aptun whe eeeeee Ae ape act dea gree eeeeee A ef 


are a set of independent operations which generate a sub-group 
of the type (1m, m,..., Mea, Me—1, Mey1,.+-, Mr) 
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47. Returning to the general case, we will assume for all 
orders not less than p” the existence of a sub-group [' of type 
MF asses aks , ns), When the inequalities 


I: t 
any eng (6 1, 20s r) 
1 1 


are satisfied, where if t>s, n, is zero. When n is equal to m—1, 
the truth of this assumption has been established. 


IfT” of type (1, N%,2--.+- , n'y) is a sub-group of order p”™, it 
must be contained in some sub-group of order p”, say I’ of type 
Be SERS , ms). Then, by the preceding discussion, 

t t 
Diy me Se Se i) 
1 1 
t t 
and therefore Shee eit — by os. ft) 
1 1 


so that the conditions assumed for sub-groups of order not less 
than p” are necessary for sub-groups of order p”~. Moreover if 
the conditions 


t t 
Dic Sigh © oa... , 7) 
1 1 
are satisfied, and if n,’ is the first of the series a 
ie | genes : (9 
which is less than the corresponding term of the series Sy 
IM, Megyeveeee ) 2 ce 
| ae es 
we may take Ny =n; utk, = 
y= ny +] ; LS ee 


and then the conditions 
t t 
nae ale 1, oe. -7) 
1 1 


are satisfied. But these conditions being satisfied it follows, 
from the assumption made, that @ contains a sub-group of order 
p” and type (mn, ng,...... , ms) and therefore also a sub-group of 
order p"— and type (m’, no,...... , ny). If the conditions assumed 
are sufficient for the existence of a sub-group of order p”, they 
are thus proved to be sufficient for the existence of one of 
order p"—. Hence since they are sufficient in the case of 
sub-groups of order p”—, they are so generally. 
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We may summarize the results obtained in the last three 
paragraphs as follows :— 


THEOREM III. The number of distinct types of Abelian 
groups of order p™, where p is a prime, is equal to the number of 
partitions of m; and each type may be completely represented 
by the symbol (m,, mz,...... , my) of the corresponding partition. 
If the numbers in the partition are written in descending order, 


a group of type (my, m,...... ,m,) will have a sub-group of type 
Rg Nea , ns), when the conditions 
&<!, 


t t 
Dee ily, he te Dy cee cs ts 
1 1 


are satisfied ; and the type of every sub-group must satisfy these 
conditions. 


48. It will be seen later that the Abelian group of order 
p™ and type (1, 1, 1....... , with m units) is of special importance 
in the general theory, and we shall here discuss one or two of 
its simpler properties. 


Since the generating operations of the group are all of order 
p, every operation except identity is of order p; and therefore 
the type of any sub-group of order p’ is (1, 1, 1,...... , with s 
units). If the group be denoted by G, every sub-group G, 
coincides with G; while of the sub-groups H,, the first coincides 
with G and all the rest consist of the identical operation only. 


In choosing a set of independent generating operations, we 
may take for the first, P,, any one of the p”™—1 operations of 
the group, other than identity. The sub-group {P,} is of order 
p; and therefore G has p” — p operations which are not contained 
in {P,}. If we choose any one of these, P,, it is necessarily 
independent of P,, and may be taken as a second generating 
operation. The sub-group {P,, P,} is of order p? and type 
(1, 1); and G has p™ — p? operations which are not contained in 
this sub-group. If P; be any one of these, no power of P; 
other than identity is contained in {P,, P,}; and P,, P., P; are 
therefore three independent operations which generate a sub- 
group of order p*. This process may clearly be continued till 
all m generating operations have been chosen. If then the 
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position which each generating operation occupies in the set of 
m, when they are written in order, be taken into account, there are 


(p™ — 1)(p™ — p)(p™ — p*)..--.(p™ — p"™™) 
distinct ways in which a set may be chosen. If on the other 
hand the sets of generating operations which consist of the 
same operations written in different orders be regarded as 
identical, the number of distinct sets is 
(t= DOS SP) Pere) 


m! 


49. No operation P of the group can belong to two distinct 
sub-groups of order p except the identical operation. Hence 
since every sub-group of order p contains p—1 operations 


_ 


besides identity, G must contain oy sub-groups of order p. 


Let Vin, be the number of sub-groups of G of order p’, so 
that 


mj 

Ne. = =. 
There are, in G, p”—p" operations not contained in any given 
sub-group of order p’. If P occurs among these operations, so 


also do P?, P?...... , PP, Hence there are Be “i —? sub-groups of 


order p in G@ which are not contained in a Bins sub-group of 
order p’. Each of these may be combined with the given 
sub-group to give a sub-group of order p’*. When every 
sub-group of order p” is treated in this way, every sub-group of 
order p’*} will be formed and each of them the same number, 2, 
of times. Hence 

WN ec so Nas ae . 


Now a sub-group of order p’* contains JV,,,,, sub-groups of 
r+1 
—_— ite 


order p’, and a sub-groups of order p which are not 


contained in any given sub-group of order p’. Hence 


mr+1 —. mr 
eee = =<. Ness Yr? 
pe ; eee —1 


and therefore Nine = V ES 
r+1 7 aie 
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We will now assume that 


‘Ne a Gata 9 aie 3, estas (pm—t+1— 1) 
a Gono eo 
for all values of m and for values of ¢ not exceeding r. This 
has been proved for r=1. Then it follows, from the above 
relation, that 
ee (p™ —1)(p™ —1)...... (p™*—1) 
(p—1)(p?—-1)...... (Bt) 
that is to say, if the result is true for values of ¢ not exceeding 
r, it 1s also true when t=r+1. Hence the formula is true 
generally. 
It may be noticed that 


Dn :=Niy, m—te 


50. Ex. 1. Shew that a group whose operations except 
identity are all of order 2 is necessarily an Abelian group. 


Ex. 2. Prove that in a group of order 16, whose operations 
except identity are all of order 2, the 15 operations of order 2 may 
be divided into 5 sets of 3 each so that each set of 3 with identity 
forms a sub-group of order 4; and that this division into sets may 
be carried out in 7 distinct ways. 


Ex. 3. If @ is an Abelian group and H a sub-group of G, 

shew that G contains one or more sub-groups simply isomorphic 
alas & 
with fe 

Ex. 4. If the symbols in the successive rows of a determinant 

of ~ rows are derived from those of the first row by performing on 

them the substitutions of a regular Abelian group of order n, prove 

that the determinant is the product of linear factors. 
(Messenger of Mathematics, Vol. xx111 p. 112.) 


Ex. 5. Discuss the number of ways in which a set of 
independent generating operations of an Abelian group of order p” 
and given type may be chosen. Shew that, for a group of type 


(Sigs Mg3--5 5: » m,), Where m, >™,> ...... > m,, the number of ways is 
of the form p*(p— 1)"; and in particular that for a group of order 
pe*) and type (My, m—l,......, 2, 1), the number of ways is 


p’ (p—1)", where v=3n(n+ ab (2n +1)—n. 
Ex. 6. Shew that for any Abelian group a set of independent 
generating operations 
Si, Daseess Sa py aeeeer Sn 


can be chosen such that, for each value of 7, the order of S,. is equal 
to, or is a factor, of the order of S,_,. 


CHAPTER V. 


ON GROUPS WHOSE ORDERS ARE THE POWERS OF 
PRIMES. 


51. Havine in the last chapter dealt in some detail with 
Abelian groups of order p”, where p is a prime, we shall now in- 
vestigate some of the more important properties of groups, which 
have the power of a prime for their order but are not necessarily 
Abelian. Besides illustrating and leading to many interesting 
applications of the general theorems of Chapter 111, the dis- 
cussion of groups, whose order is the power of a prime, will be 
found in many ways to facilitate the subsequent discussion of 
other groups, whose order is not thus limited. 


52. If G is a group whose order is p™”, where p is a prime, 
the order of every sub-group of G must also be a power of p; and 
therefore (§ 25) the total number of operations of @G which are 
conjugate with any given operation must be a power of p. The 
identical operation of G is self-conjugate. Hence if the opera- 
tions of G, other than the identical operation, are distributed 
in conjugate sets containing p*, p®,...... operations, the total 
number of operations of G is 1+ p*+ p® +...... ; and therefore 


p™=1+ ptt pPt+...... 


This equation can only be true if p"—1 of the indices 
ay = Seeman are zero, r, being some integer not less than unity. 
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Hence @ must contain p” self-conjugate operations, which form 
(§ 27) a self-conjugate sub-group’. Hence :— 


THEOREM I. Every group whose order is the power of a 
prime contains self-conjugate operations, other than the identical 
operation ; and no such group can be simple. 


53. Let H, be the sub-group of G of order p”, formed of 

its self-conjugate operations. Then @ is a group of order 
1 

p"", and it must contain self-conjugate operations other 

than identity, forming a self-conjugate sub-group of order 


p™. Corresponding to this self-conjugate sub-group of ie 3G 
1 
must have a self-conjugate sub-group H, of order p"*”, which 


contains H,. Ifr,+tr.<™m, . is a group of order p”—"-”; and 
2 


it again will have self-conjugate operations forming a sub- 
group of order p”. Corresponding to this, @ will have a self- 
conjugate sub-group H, of order p%*"+”, which contains H,. 
If the process thus indicated is continued, till G itself is arrived 
at, a series of groups 


fs BN Earns Bo PRE: 
is formed, each of which is self-conjugate in G and contains all 


HT, +, 
H, 


self-conjugate operations of = , and it is therefore an Abelian 
? 
group. 
The series of sub-groups thus arrived at is of considerable 
importance. From the mode of formation, it is clear that a 
second group G’ of order p™ cannot be simply isomorphic with 


/ 
r+1 and r+1 


H, Ht’. 


1 Sylow, Math. Ann. v. (1872), p. 588. 

2 Let P be an operation or subgroup of G, and let H be a subgroup of G 
which contains P. If every operation of H is permutable with P, we shall 
speak of P as ‘“‘self-conjugate in H.” The phrase is to be regarded as 
emphasizing the relation of P to a sub-group of G which contains it; and not 
as implying that H is the greatest, or the only, subgroup of @, within which P 
is a self-conjugate operation or subgroup. 


that precede it?. Moreover is the group formed of the 


G, unless are simply isomorphic for each value 
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of r. It by no means however follows that, when this latter 
condition is satisfied, G and G’ are always simply isomor- 
phic. This is indeed not necessarily the case; instances 
to the contrary will be found among the groups of order 
p*? and p* in §§ 69—72. While in general there is no limitation 
on the type of any Abelian factor-group a formed from 
7 
two consecutive terms of the series, it is to be noted that 


the last factor-group a“ cannot be cyclical’, a restriction that 
n 


can be established as follows. If a were cyclical, then, because 


H, 


"is the group formed of the self-conjugate operations of 


Hy 


, the operations of could be arranged in the sets 


G 
Ay 
A, HI, 


pe te ee ee 


G 
Ay 


p* being the order of ss and PP* being an operation of — ,; 


But since P is permutable with its own powers and with every 


HT. 
operation of ae these operations would form an Abelian 
os 


group. Now the self-conjugate operations of - form the 


G 
Ay, 


cannot be Abelian. Hence 


group a and therefore i. 


the assumption, that 2 is cyclical, is incorrect. 
n 


One immediate consequence of this result is that a group @ of 
order p* is necessarily Abelian. For if it were not, its self-conjugate 
operations would form a sub-group H of order p, and _ being of 
order p would be cyclical. 


A second consequence is that if G, of order p™, is not Abelian, 
the order of the sub-group H/,, formed of the self-conjugate operations 
of G, cannot exceed p™-*. 


1 Young, American Journal, vol, xv (1893), p. 132. 
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54. It was proved in the last chapter that an Abelian 
group has one or more sub-groups the order of which is any 


given factor of the order of the group itself. Hence, since ee 
is Abelian, H,., must have one or more sub-groups which contain 
f,., of any given order greater than that of H, and less than its 


own. 


In particular, if p* and pt are the orders of Hand thy a 
then —_ must have a series of sub-groups of orders 


: ee a, ee fe iy 
each of which contains those that follow it, while each one is of 


necessity self-conjugate in Gi Hence between H,. and Hoe a 


fae 
series of groups /gi1, Agyo,...0. ye Of orders HiT!, ttt e, Ry ak 
can be chosen, so that each of the series 


i, hei, hss, 2 OUT ’ hin, H,41 


is self-conjugate in G and contains all that precede it. We can 
therefore always form, in at least one way, a series of sub-groups 
of G of orders | 


such that each is self-conjugate in G and contains all that 
precede it. 

It will be shewn in the next paragraph that every sub- 
group of order p* of G is contained self-conjugately in some 
sub-group of order p*t}, and that every sub-group of order p* of 
a group of order p** is self-conjugate. Assuming this result, it 
follows at once that a series of sub-groups of orders 


UT oR ah Ry ea | ies 
can always be formed, which shall contain any one given 
sub-group and which shall be such that each group of the 
series contains the previous one self-conjugately. It will not 
however, in general, be the case, as in the previous series, that 
each group of the series is self-conjugate in G. 


55. Let G, be any sub-group of & of order p’, and let H,,, 
be the first of the series of sub-groups 
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which is not contained in G,. Then - is a sub-group of - 


which does not contain all the operations of Ars Every 


| Se 
r+1 


operation of Frys is self-conjugate in Ls and therefore Ld is 


H, EH,’ H, 


self-conjugate in le : ah. a group of order greater than its 
own. Hence G, must be contained self-conjugately in some 
group G,,, of order p*tt, where ¢ is not less than unity. 


Gest 
Gs 
must be one or more groups of order p**? which contain G, 
self-conjugately. Hence :— 


Moreover since 


must contain operations of order p, there 


THEOREM II. Jf G, of order p* ts a sub-group of G, which 
ws of order p™, then G must contain a sub-group of order p***, 
t¢1, within which G, ws self-conjugate. In particular, every 
sub-group of order p"™” of G is a self-conjugate sub-group’. 

Suppose now that G,,,, of order p**', is the greatest sub- 
group of G which contains a given sub-group G;, of order p’*, 
self-conjugately; so that G, is one of p™-** conjugate sub- 
groups. Suppose also that G;4:4., of order p**’*”, (u<1), is 
the greatest sub-group of G that contains G,,,; self-conjugately. 
Every operation of G14, transforms G,,, into itself; and no 
operation of G,42,, that is not contained in G,,,; transforms G, 
into itself. Hence, in Gy.441, G, is one of p” conjugate sub- 
groups and each of these is self-conjugate in G,,+. 


The p”-** sub-groups conjugate with G, may therefore be 
divided into p™*-*-“ sets of p” each, (w¢1), such that any 
operation of one of the sets transforms each sub-group of that 
set into itself. 


Similarly if G,, of order p’, is the greatest sub-group of G 
that contains a given operation P self-conjugately, and if G,+s, 
s ¢ 1, is the greatest sub-group that contains (, self-conjugately, 
then G, must contain self-conjugately p* operations of the 


1 Frobenius, ‘‘ Ueber endliche Gruppen,” Berliner Sitzwngsberichte (1895), 
p. 173: Burnside, ‘“‘Notes on the theory of groups of finite order,” Proc. London 
Mathematical Society, Vol. xxv1 (1895), p. 209. 


B. 5 
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conjugate set to which P belongs, and therefore any two of 
these p* operations are permutable, Hence the p”~” conjugate 
operations of the set to which P belongs can be divided into 
p™-* sets of p* each, (s ¢ 1), such that all the operations of 
any one set are permutable with each other. In particular, if 
P is one of a set of p conjugate operations, all the operations of 
the set are permutable. 


56. If P is an operation of G, of order p”, which is conju- 
gate to one of its own powers P*, there must be some other 
operation Q such that 


Q7°PQ=P« 
From this equation it follows that 


Aes cad, a (Oro = Pr 


QP PU = QU PQ = Pw, 
QO? PO= V7 P*Q= PP, 


and so on. Hence 


Again 


Q-P-Q” = Pe 


If Q? is the lowest power of Q which is pee with P, 
then in {P, Q} P will be one of 8 conjugate operations, and 
therefore 8 must be a power of p, say p’, less than p”. Now 


Qe PQr = Pe’; 

and therefore a?" =1 (mod. p”), 

while a?” +1 (mod. p”). 
First, we will suppose that p is an odd prime. Then since 

x? = x (mod. p), 


whatever integer « may be, we may assume that a=1+kp*, 
where k is not a multiple of p; and then 


al =1 + kptt?+....:. 
af = 1 4 kprte +... 
Hence r+s=nN, 
and a=1 (mod. p"”). 


In particular, we see that no operation of order p can be 
conjugate to one of its powers. Hence if P and P’ are two 
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conjugate operations of order p, {P} and {P’} have no operation 
in common except identity. Also, if {P} be a self-conjugate 
sub-group of order p, each of its operations is self-conjugate. 


If p is 2, we must take 
a=+1+k2, 


where k is odd, and we are led by ai same process to the 


result 
a= +1 (mod. nr 


57. If P is an operation of G which belongs to the sub- 

group H,., (§ 53) and to no previous sub-group in the set 
je 2 ge 2 Pea aa Re Se Sy 

then {P, H,} is a sub-group of H,,,; and therefore every 
Heel) is self-conjugate in oe The set of 
operations PH, is therefore transformed into itself by every 
operation of G, and hence every operation that is conjugate to 
P is contained in the set PH,. Suppose now, if possible, that 
all the operations conjugate with P are contained in the set 


PH,_,. Then every operation of G transforms this set into 
( 
itself, and therefore every operation of | 


operation of 


) 
’ a. nd 


A 


This however cannot be the case, since by supposition 


is self-conjugate 


in : 
Hf," 
P does not belong to H,. Hence among the operations 
conjugate to P, there must be some which belong to PH, 
and not to PH,,. In particular, if P is one of p conjugate 
operations, no operation conjugate to P can belong to the set 
PH,_,. For there must be an operation Q such that Q7"PQ 
belongs to PH, and not to PH,_,; and this being the case, no 
one of the operations Q-*PQ*, (a = 1, 2....... , p—1), can belong 
to PH,_,. But these operations with P constitute the conjugate 
set. 


It follows from the above reasoning that, if P belongs to 
H,,,, then each operation of the set P-*Q~P*Q, where Q is any 
operation of G, belongs to H,. If Q belongs to H,,,,(s<r), the 
operation P-*Q~P*Q), regarded as the product of P-*Q7-P* and 
Q, must similarly belong to H,. Hence unless every operation 


5—2 
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of H,,, is permutable with P, there must be operations conju- 
gate to P, which belong to the set PH,;. Moreover those 
operations of G which transform P into operations of the set 
PH, form a sub-group. For if 


S“*PS = Ph,, 
and SPS’ = Phe’, 
then 7 Rr oI a ee ad ate w BE (Pe 


and when both h, and h,’ belong to H,, so also does h,'S’h,S’. 


58. In illustration of the foregoing paragraph, we will consider 
a group G of order p”*) in which the group H, is of type (7), while 
a where P iS on oaa® Bim 


i is an Abelian group of type (1, 1,...... with s units). 
1 


Let Q be an operation of order p’ that generates H,; and let 
sy gee , P, be s operations no one of which is a power of any 
other, such that, with Q, they generate G. 


If P, and P, are not permutable, then 
PoP, P,= P,Q"; 


and teed oP oe a oi 
Now P.? belongs to H,, and therefore : 
Gra, 
so that = hp 


Hence the only operations which are conjugate to P, are 
FPO Pt ee eon” ee 


and P, is one of a set of p conjugate operations, which are trans- 
formed among themselves by P,. Similarly P, is one of a set of p 
conjugate operations which are transformed among themselves by 
P,. Hence both P, and P, are permutable with each of the 
operations P;, P,,...... , P,. Again, P, is not self-conjugate, and 
there must therefore be another, say P,, of the set P;, Py,...... ae oe 
which, with its powers, transforms P, into a set of p conjugate 
operations. Then P, will similarly transform P,; and P;, P, will 
be permutable with each of the set P,,...... fs, ty, te ee 
finally the set of s operations P,, P.,...... , P, must be divisible 
into sets of two, such that each pair are permutable with all the 
remaining operations, but are not permutable with each other. The 
group can therefore only exist if s is even’. 


1 Young, “On groups whose order is the power of a prime,” American 
Journal of Mathematics, Vol. xv (1893), p. 171. 
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The sub-group {P,, P,, @} is a group which satisfies the same 
conditions as G, when s=2. Its order is p’**, and it contains a 
self-conjugate operation of order p’. Now we shall see in §§ 65, 66 
that such a group is necessarily of one of two types’, the generating 
operations of which satisfy one or the other of the sets of equations 


Q@’=1, Pr=1, PP=1, Py P,P,=P,e: 
or QF? =1, P®=Q, PP=1, Py, P,P,=P,@. 


The same is true for the sub-groups {P,, P,, Q}, etc. ; and all the 
operations of any one of these sub-groups are permutable with each 
operation of {P,, P,, Q}. 

Hence finally, since the equations to be satisfied by each pair of 
operations, such as ?, and P,, may be chosen in two distinct ways, 


there are in all 2°* distinct types of group of order p’**, for which 
H, is a cyclical group of order p’, and = is an Abelian group of type 
OC leies « to s units). 


59. It has been seen in § 55 that every sub-group G’ of 
order p™— of a group G of order p’” is self-conjugate. Suppose 
now that G@ contains two such sub-groups G’ and @”. Then 
since G and G” are permutable with each other, while the 
order of {G’, @’} is p™, the order of the greatest group g’ 
common to them must (§ 33) be p”™*; and since g is the 
greatest common sub-group of two self-conjugate sub-groups of 
G, it must itself be a self-conjugate sub-group of G. The factor 


U 


group 2 of order p? contains the two distinct sub-groups 7 


” 


and Pa which are of order p and permutable with each other. 


1 Let §,°1=1, S,"1=1,....... 8,“*=1, 
A (S)=1, fo(S)=1,......, fe(S)=1, 


where f; (S;) is an abbreviation for an expression of the form S,, igre S,°, be a 
set of relations, such as was considered in § 18, which completely specify a 
group. We may then, without altering the sense in which the word “ type” 
has been used (§§ 19, 44), speak of the type of group defined by these relations. 
It is essential however that the relations should completely specify the group, 
as otherwise they will define more than one type. For instance, it is clear, from 
§ 56, that the equations 
Qre=1, Pr*=1, QPQ=P*, 

where p is a given prime, but a is not given, will define more than one type of 
group. Any data in fact, which completely specify a group, may be said to 
define a type of group. Thus in dealing with Abelian groups of order p™, a type 
is defined by a partition of m. 
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Hence ; must be an Abelian group of type (1, 1), and 


it therefore contains (§ 49) p + 1 sub-groups of order p. Hence, 
besides G’, G must contain p other sub-groups of order p”— 
which have in common with G’ the sub-group g’. If the p+1 
sub-groups thus obtained do not exhaust the sub-groups of @ 
of order p”—, let G’” be a new one. Then, as before, G’ and G’” 
must have a common sub-group g”, of order p”~*, which is 


tt 


self-conjugate in G. If g” were the same as J’, Te would be 


contained in a which by supposition is not the case. It may 


now be shewn as above that there are, in addition to @’, p 
sub-groups of order p”-! which have in common with G'’ the 
group g’. These are therefore necessarily distinct from those 
before obtained. This process may clearly be repeated till all 
the sub-groups of order p”—™ are exhausted. Hence finally, if 
the number of sub-groups of G, of order p™ be 71, we have 
Ym-1 = 1 (mod. p). 


60. The self-conjugate operations of a group G of order 
p”, whose orders are p, form with identity a self-conjugate 
sub-group whose order is some power of p; and therefore their 
number must be congruent to —1, mod. p. On the other hand, 
if P is any operation of G of order p which is not self-conjugate, 
the number of operations in the conjugate set to which P 
belongs is a power of p. Hence the total number of operations 
of G, of order p, is congruent to —1, mod. p. Now if 7, is the 
total number of sub-groups of G@ of order p, the number of 
operations of order p is 7,(p— 1), since no two of these sub- 
groups can have a common operation, except identity. It 
follows that 

7, (p— 1)=-—1, (mod. p), 
and therefore r, = 1, (mod. p). 


If now G, is any sub-group of G& of order p’, and if G,,, 1s the 
greatest sub-group of G in which G; is contained self-conjugately, 
then every sub-group of G which contains (*, self-conjugately is 
contained in G,,;. But every sub-group of order p**!, which 
contains G,, contains G, self-conjugately; and therefore every 
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sub-group of order p*+, which contains G,, is itself contained in 
G,,.. By the preceding result, the number of sub-groups of 


Gare of order p is congruent to unity, mod. p. Hence the 


G, 
number of sub-groups of G@ of order p**!, which contain G, 
of order p*, is congruent to unity, mod. p. 


61. Let now7, represent the total number of sub-groups of 
order p* contained in a group @ of order p”™. If any one of 
them is contained in a, sub-groups of order p**?, and if any one 
of the sub-groups of order p**' contains b, sub-groups of order 
p*; then 


for the numbers on either side of this equation are both equal 
to the number of sub-groups of order p**!, when each of the 
latter is reckoned once for every sub-group of order p* that it 
contains. It has however been shewn, in the two preceding 
paragraphs, that for all values of # and y 


ad, =1, b,=1 (mod. p). 
Hence Ys =1s4, (mod. p). 
Now it has just been proved that 
r, =1 and ra»+.=1 (mod. p); 
and therefore finally, for all values of s, 
r;=1 (mod. p). 

We may state the results thus obtained as follows :— 

THEOREM III. The number of sub-groups of any given 
order p* of a group of order p™ is congruent to unity, mod. p*. 

Corollary. ‘The number of self-conjugate sub-groups of 
order p* of a group of order p” is congruent to unity, mod p. 

This is an immediate consequence of the theorem, since the 
number of sub-groups in any conjugate set is a power of p. 


62. Having shewn that the number of sub-groups of @ of 
order p* is of the form 1+p, we may now discuss under what 


* Frobenius, “ Verallgemeinerung des Sylow’schen Satzes,” Berliner Sitz- 
ungsberichte, (1895), p. 989. 


72 GROUPS WITH A SINGLE SUB-GROUP [62 


circumstances it is possible for k to be zero, so that G then 
contains only one sub-group G, of order p’*. 


If this is the case, and if P is any operation of @ not con- 
tained in G;, the order of P must be not less than p*+'; for if 
it were less, G would have some sub-group of order p* containing 
P and this would necessarily be different from G,. If the order 
of P is p**t, then {P?’} is a cyclical sub-group of order p*; and it 
must coincide with G;. Hence, if G, is the only sub-group of 
order p*, it must be cyclical. 


Suppose now that G contains operations of order p” (7 >s), 
but no operations of order p’*!; and let P be an operation of G 
of order p”. Then {P} must be contained self-conjugately in a 
non-cyclical sub-group of order p’*+}, 


We will take first the case in which p is an odd prime. 
Then (§ 55) G must contain an operation P’ which does not 
belong to {P}, such that 

DENS el a ath al a 
If a were unity, {P, P’} would be an Abelian group of order 
p’*! containing no operation of order p’*. Its type would 
therefore be (rv, 1), and it would necessarily contain an operation 
of order p not occurring in {P}. It has been shewn that this is 
impossible if G, is the only sub-group of order p’, and therefore 
a cannot be unity. 


We may then without loss of generality (§ 56) assume that 
a=1+p". 
Moreover if 8 were not divisible by p, the order of P’ would 
be p’*, contrary to supposition. Hence we must have the — 
relations 
|S pe eM ek BS a 

By successive applications of the first of these equations, we © 

get 
P’-yPtP = Preity", 
for all values of # and y; and from this it immediately follows 
that | 
(P2P’)? = Pe P«{ptwptl)p"} 
= Pep, 
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Hence if “=p —y, 


the order of P?P’, an operation not contained in {P},is p. This 
is impossible if G, is the only sub-group of order p*. If then 
r<m,G@ must contain operations of order greater than p’; and 
G is therefore a cyclical group. Hence :— 


THEOREM IV, Jf G, of order p™, where p is an odd prime, 
contains only one sub-group of order p*, G must be cyclical. 
63. When p= 2, the result is not so simple. 


Let @ be an operation that transforms {P} into itself, and 
suppose that the lowest power of Q that occurs in {P} is QQ. 
Then {P, Q} must be defined by 


Q°PQ= Ps, Q=PF, 
where a=+1+k2". 


Moreover 8 must be a multiple of 4, as otherwise the order of 
Q would be greater than 2”. A simple calculation now gives 


Fags Wa) = PBtx(1+o%) . 
and since 8 = 0 (mod, 4), 
and a? = 1 (mod. 2”), 
« can always be chosen so that 
8+ax(1 +a’) =0 (mod. 2’). 


When ~ is thus chosen, P*Q? is an operation of order 2 which is 
not contained in {Pf}. But this is inconsistent with @, being 
the only sub-group of order 2°; hence {P} must contain Q*. 


If now {P} is not a self-conjugate sub-group, there must 
(§ 55) be some operation P’ of order p’, conjugate with P and 
not contained in {P}, which transforms {P} into itself; and 


then {P, P’} is defined by 
Pel = bee 
where @ is — 1 or + 1+ 2”, and B is odd. 
If a1? 
then (P=P’y = Prleteate}}. 


and « can be chosen so that P*P’ is of order 2. Hence this 
case cannot occur. 
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If a is either —1 or —1+2*", the defining relations of 
|P, P’} are not self-consistent unless 7 is 2; for they lead to 


POPP =r. 
and P’— P® P' = P®, 


If r is 2, and if P” is an operation that transforms P into P’, 
so that 


aera Pp 
then Oy gee ee) ih ahead ail con a 
since P= Pp? = Pp” 


Hence PP” would be of order 8; and therefore this case 
cannot occur. 
Hence, finally, {P} must be self-conjugate. 


If r+1<m, {P} must be transformed into itself by some 
operation Q’ not contained in {P, Q}, so that 


Q>PQ = path, 
and Aes bd 8g po pat 


where k and k’ are each either zero or unity. If both are zero 
or both unity, QQ’ is permutable with P; and if one is zero and 
the other unity, 


(QQ) P(QQ) = PH. | 
In either case, the group contains an operation of order 2 that 


does not belong to {P}, and this is inadmissible. Hence, lastly, 
r must not be less than m— 1. 


Suppose now that 7 is equal to m—1, and that of the 
operations of G, not contained in {P}, Q has as small an order 
as possible, say 2‘(t¢s+1). Then Q? of order 2‘ is contained 
in {P}; without loss of generality we may assume 

Q? = Pp”. 

Moreover Q> PQ = P= or Pa" 

and hence Q2 P""Q =P", 


Now Q is permutable with P?"", one of its own powers, and 


therefore P*” is an operation of order 2. Hence t is 2 and s 
is unity. If then s is greater than unity, G must contain 


65] OF GIVEN ORDER 75 


operations of order 2” and must therefore be cyclical. Moreover 
if s is unity, the relations 


Q>PQ= cana Q?= F 2 
(PQy=1, 


and they are therefore inadmissible. 


lead to 


On the other hand, the relations 
OPQ=P>, G=P™, 
give Or 
and every operation of G, not contained in {P}, is of order 4. 


Also these relations are clearly self-consistent, and they define 
a group of order 2”. Hence finally :— 


THEOREM V. If a group G, of order 2", has a single 
sub-group of order 2%, (s>1), it must be cyclical; if it has a 
single sub-group of order 2, it is either cyclical or of the type 
defined by 

PY" =1, @=P*", Q°PQ=P-. 


64. We shall now proceed to discuss, in application of the 
foregoing theorems and for the importance of the results them- 
selves, the various types of groups of order p” which contain 
self-conjugate cyclical sub-groups of orders p” and p”* 
respectively. It is clear from Theorem V that the case p=2 
requires independent investigation ; we shall only deal in detail 
with the case in which p is an odd prime, and shall state the 
results for the case when p = 2. 


The types of Abelian groups of order p”™ which contain 
operations of order p”~* are those corresponding to the symbols 
(m), (m—1, 1), (m — 2, 2), and (m—2,1,1). We will assume 
that the groups which we consider in the following paragraphs 
are not Abelian. 


65. We will first consider a group G, of order p”, which 
contains an operation P of order p"—. The cyclical sub-group 
{P} is self-conjugate and contains a single sub-group {P?” } of 
order p. By Theorem IV, since @ is not cyclical, it must 
contain an operation Q’, of order p, which does not occur in {P}. 
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Since {P} is self-conjugate and the group is not Abelian, Q 
must transform P into one of its own powers. Hence 


QPQ'= Ps 
and since QY is permutable with P it follows, from § 56, that 
a=1+kp" 
Since the group is not Abelian, / cannot be zero; but it may 
have any value from 1 to p—1. If now 
kx =1 (mod. p), 
then Q'-*PQ? = Pr". 
and therefore, writing @ for Q’, the group is defined by 
Peete Pt OO. Pies, 
These relations are clearly self-consistent, and they define a 
group of order p”. 


There is therefore a single type of non-Abelian group of 
order p” which contains operations of order p”—', because, for 
any such group, a pair of generating operations may be chosen 
which satisfy the above relations. 


From the relation 
PQ = Pus 
it follows by repetition and multiplication that 
Q-yP*Qy = Praty”™) 
and therefore that 
(P=Qvy — Pxz{ith(e+)yp” “a—yep™*) Qu, 


and (PzQu)? = P®, 
Hence G contains p cyclical sub-groups of order p™—, of 
weich P and PW (y=1, 2,...... , p—1) may be taken as the 


generating operations. Since Q and P? are permutable, G 
also contains an Abelian non-cyclical sub-group {Q, P?} of 
order p”—. It is easy to verify that the 1+ p sub-groups thus 
obtained exhaust the sub-groups of order p”~'; and that, for any 
other order p’, there are also exactly p+1 sub-groups of which 
p are cyclical and one is Abelian of type (s — 1, 1). 

The reader will find it an instructive exercise to verify the 


results of the corresponding case where p is 2; they may be stated 
thus. There are four distinct types of non-Abelian group of order 
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2”, which contain operations of order 2"-', when m>3. Of these, 
one is the type given in Theorem V, and the remaining three are 
defined by 


pe'=1, @=1, QPQ=PY"; 
peal, @=1, QPQ=P™""; 
P™"=1, @=1, QPQ=P". 
When m = 3, there are only two distinct types. In this case, the 


second and the fourth of the above groups are identical, and the 
third is Abelian. 


66. Suppose next that G, a group of order p™, has a 
self-conjugate cyclical sub-group {P} of order p”~*, and that 
no operation of G is of higher order than p”*. We may 
at once distinguish two cases for separate discussion; viz. 
(i) that in which P is a self-conjugate operation, (11) that in 
which P is not self-conjugate. 


Taking the first case, there can be no operation Q’ in @ such 
that Q’* is the lowest power of Q’ contained in {P}, for if there 
were, {Q’, P} would be Abelian and, its order being p”, it would 
necessarily coincide with G. Hence any operation Q’, not 
contained in {P}, generates with P an Abelian group of type 
(m—2, 1), and we may choose P and Q as_ independent 
generators of this sub-group, the order of Q@ being p. If now 
FR’ is any operation of G not contained in {Q, P}, R? must 
occur in this sub-group, and therefore 

RP = PY. 

If 8 were not zero, R” would be the lowest power of R 
that occurs in {P}, and we have just seen that this cannot be 
the case. Hence 

Ri? = Ps, 
and {R’, P} is again an Abelian group of type (m—2,1). If 
P and R are independent generators of this group, the latter 
cannot occur in {Q, P}. Now since Q is not self-conjugate, 


RQR = QPF; 
and since R? is permutable with Q 
Per ext 
so that 8 = 0 (mod. p”~*). 


Hence R-QR = QP#”"*, 
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where & is not a multiple of p. If finally, P* be taken as a 
generating operation in the place of P, the group is defined by 
Pe'*=1, Q=1, Re=1, R-QR=QP?"*, 

PQO= UP, PR= RP. 

There is therefore a single type of group of order p”, which 


contains a self-conjugate operation of order p”~? and no opera- 
tion of order p”™—. 


67. Taking next the second case, we suppose that G 
contains a cyclical self-conjugate sub-group {P} of order p™-’, 
but no self-conjugate operation of this order. 

If G contains an operation Q’ such that Q’”’ is the lowest 
power of Q’ occurring in {P}, it follows (§ 56), since {P} is 
self-conjugate, that 

QP = Psi 
Moreover, since the order of @’ cannot exceed p”~*, we have 
(yy? — Pov. 

A simple calculation, similar to that of § 65, will now shew 

that 
CEO — Peres 
while (P=)? = Q’PP2 write"), 

Hence P~*Q’ is an operation of order p*®, none of whose 
powers, except identity, is contained in {P}. If this operation 
be represented by Q, & is defined by 


Pe" =1, QP = 1, Q>? PQ = Pte" 
If k is a multiple of p*, the group is Abelian. 


If k is k’p, and if Q* is taken for a new generating operation, 
where @ is chosen so that 


ak’ =1 (mod. p), 
we have a single type defined by 
Pal a1 4 OPQ =P 


If k is not a multiple of p, we may take it equal to k, + kp, 
where k, and k, are both less than p, and &, is not zero. (This 
case cannot occur if m< 5.) Then 


QP PQatew = Pithap" "+ (Keath) p* 
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when m > 5; while if m=5, the coefficient of p™~*, viz. of p?, in 
the index of P must be increased by $a, (#, — 1) hk,’ 


If now we choose a, so that 


ka,=1+ np, 
and then «, so that 
Y, + kya, + kx, =0 (mod. p), 
(with the suitable modification when m=5), then Q*: +p 
transforms P into P'+?". We therefore again in this case 
get a single type of group, which, if Q*? is represented by 
R, is defined by 
Poa heed er 
As already stated, this type exists only when m > 4. 


If every operation of G is such that its pth power occurs in 
{P}, P must be one of a set of p conjugate operations; for if P 
is one of p® conjugate operations, there must be an operation Q 
which transforms P into P'+”"™, where k is not a multiple of p, 
and then Q”* is the lowest power of Q which is permutable 
with P. Since P is one of p conjugate operations, it must be 
self-conjugate in an Abelian group {Q, P} of type (m— 2, 1). 
Again, since P and P'*"” are conjugate operations, P must be 
contained in a group of order p””, defined by 


Prom. Reel RoOPRars 


If Q is not a self-conjugate operation, it must be one of p 
conjugate operations and (§ 57) these must be 


O ORF Ore... Greer 
Now if R-QR = QP”, 
then RI P--O8 = PQ. 


Hence, if Q is not self-conjugate, P-*Q is a self-conjugate 
operation of order p”™*: and the group is that determined 
in the last paragraph. Therefore Q@ must be self-conjugate, 
and the group is defined by 


Poel Qfxl,  R=l,  ROPR=P 
PQ=QP,  RQ=QR. 
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It is clear from these relations that the group thus arrived 
at is the direct product of the groups {P, R} and {Q}.* 


It is to be expected, from the result of the corresponding case at 
the end of § 65, that the number of distinct types when p=2 is 
much greater than when p is an odd prime. There are, in fact, 
when m>5, fourteen distinct types of groups of order 2”, which 
contain a self-conjugate cyclical sub-group of order 2”-* and no 
operation of order 2"-". They may be classified as follows. 


Suppose first that the group has a self-conjugate operation of 
order 2”-*. There is then a single type defined by the relations 


Gy Ae BO a Che BAe. 


Suppose next that the group G has no self-conjugate operation 
of order 2”-*, and let {A} be a self-conjugate cyclical sub-group of 


Gnier 277 * - Tf tA is cyclical, there are, when m>5, five distinct 
types. The common defining relations of these are 
Av" =1, Biel, BOAB=A*; 
and the five distinct types are 
Goa —1 Gn) ¢—1 42%"). Gy) a= L428, 
Gee bee a) aa Pot 


* In each of the five distinct cases to which we have been led in the discussion 
contained in §§ 65-67, we have arrived at a set of defining relations, containing 
no indeterminate symbols, such that in each case a set of generating operations 
can be chosen to satisfy these relations. To justify the statement, in each 
particular case, that such a set of relations gives a distinct type of group, it is 
finally necessary to verify that the relations actually define a group of order p™. 
In the cases dealt with in the text, this verification is implicitly contained in the 
process by which the relations have been arrived at. We have therefore omitted 
the direct verification, which moreover is extremely simple. We shall similarly 
omit the corresponding verifications in the discussion of groups of orders p* and 
p*, as in none of these cases does it present any difficulty. 


To illustrate the necessity of such a verification in general, we may consider 
a simple case. The relations 
Pee ee PO Oro, 
where a is any given integer, certainly define a group whose order is equal to or 
is a factor of 27, since they indicate that {P} and {Q} are permutable. They will 
not however give a type of group of order 27, unlessa is 1,4 or7. For instance, 
if a=5, the relations involve 


Q=P*QOP*=@, or Q’=1. 
Hence Q=Q*7-3-9=1, 
and the relations hold only for a group of order 3. 
Again, if a=3, the relations give 
PAGP=F=1, or G=1, 
and as before they define a group of order 3. 


* a es ae CL ee 


oa 
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If m= 5, then (iv) and (v) are identical, and (vi) is Abelian ; so that 
there are only three distinct types. If m= 4, there is a single type ; 
it is given by (ii). 


When o is not cyclical, the square of every operation of G is 


j 

contained in ‘A\. If all the self-conjugate operations of G are not 
contained in {A}, there must be a self-conjugate operation B, of order 
2, which does not occur in {A}. If @ is any operation of G, not 
contained in {A, B!, then {A, C} is a self-conjugate sub-group of 
order 2”~!, which has no operation except identity in common with 
‘B\. Hence @ is a direct product of a group of order 2 and a group 
of order 2”-1. There are therefore, for this case, four types (vii), 
(viii), (ix), (x), when m>4, corresponding to the four groups of 
order 2”~! of § 65. If m=4, there are two types. 


Next, let all the self-conjugate operations of G be contained in 
{A\; and suppose that 4 is one of two conjugate operations. Then 
G must contain an Abelian sub-group of type (m— 2, 1), in which A 
occurs ; and it may be shewn that, when m> 4, there are two types 
defined by the relations 


A*™*=1, B’=1, BAB=A, C?=1, 
CBC=BA*", CAC=A- or A, 
When m=4, there is, for this case, no type. 


(xi) and (xii) 


Lastly, suppose that A is one of four conjugate operations. Then 
G must contain sub-groups of order 2”~!, of the second and the 
third types of § 65, and a sub-group of order 2”~1 of either the 
first or fourth type (/.c.). In this last case, there are two distinct 
types defined by 
Av" =1, B%=1, BAB=AT, 


C?=1, CAC=A—*"", CBC=B or BA* . 


These two types exist only when m > 4. 


(xiii) and (xiv) 


68. We shall now, as a final illustration, determine and 
tabulate all types of groups of orders p’, p* and p*. It has been 
already seen that when p=2 the discussion must, in part at least, 
be distinct from that for an odd prime; for the sake of brevity 
we shall not deal in detail with this case, but shall state the results 
only and leave their verification as an exercise to the reader. ~ 


Tt has been shewn (§ 53) that all groups of order p’ are Abelian : 
a hence the only distinct types are those represented by (2) and 
» 1). 
For Abelian groups of order p’, the distinct types are (3), (2, 1) 
and (1, 1, 1). 


B, 6 
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If a non-Abelian group of order p® contains an operation of 
order p*, the sub-group it generates is self-conjugate ; hence (§ 65) 
in this case there is a single type of group defined by 


PP=1, Q@=1, QO PQ=P". 


If there is no operation of order p?, then since there must be a 
self-conjugate operation of order p, the group comes under the head 
discussed in § 66; there is again a single type of group defined by 


PP= |) Geol R=) ROOR= OP. 
R“PR=P, Q>PQ=P. 


These two types exhaust all the possibilities for non-Abelian 
groups of order p”. 


69. Kcr Abelian groups of order p*, the possible distinct types 
Bie tt) od) (2, D2, bol and. (1.41.1), 


For non-Abelian groups of order p* which contain operations of 
order p* there is a single type, namely that given in § 65 when m 
is put equal to 4. 


For non-Abelian groups which contain a self-conjugate cyclical 
sub-group of order p* and no operation of order p*, there are three 
distinct types, obtained by writing 4 for m in the group of § 66 and 
in the first and the last groups of § 67. The defining relations of 
these need not be here repeated, as they will be given in the sum- 
marizing table (§ 73). 


It remains now to determine all distinct types of groups of 
order p*, which contain no operation of order p* and no self-conjugate 
cyclical sub-group of order p*. We shall first deal with groups 
which contain operations of order p’. 


Let S be an operation of order p? in a group G@ of order p*. The 
cyclical sub-group {S} must be self-conjugate in a non-cyclical sub- 


group {S, 7'| of order p’*, defined by 
Se=1, M=1, TST= 5%, 


If Ris any operation of G, not contained in {S, 7'!, then since 
{S} is not self-conjugate, we must have (§ 57) 


R7SR = S178, 
and therefore KAS R = S?: 
Now Pass =i. 


and therefore the pth power of every operation of order p? in G is a 
self-conjugate operation. 


First let us suppose that G contains other self-conjugate 
operations besides those of {S?}. Every such operation must occur 
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in the group that contains {S} self-conjugately ; hence in this case 
7' must be self-conjugate. 


We now therefore have 
ri ad er Pe 
ROSh=S Clo, & Th 7, 
Re = SvT*, 
These equations give 


(S*RY = RPS? — Senr7s, 


Hence, if 6=0, S-Y# is an operation of order p. Denoting this 

by #’ and S*%”7'° by 7”, the group is defined by 

See ee ee ne 
Pt he ee 
ba 

On the other hand, if 8 is not zero, S@ ’R is an operation of 
order p® such that # transforms it into a power of itself. This is 
contrary to the supposition that the group contains no cyclical self- 


conjugate sub-group of order p®. Hence 6 cannot be different from 
zero: we therefore have only one type of group. 


70. Next, let {S?! contain all the self-conjugate operations of G; 
and as before, let {S, 7} be the group that contains {5S} self- 
conjugately. If G contains an operation S’ of order p? which 
does not occur in {S, 7'!, there must also be a non-cyclical sub- 
group {S’, 7”! of order p* which contains {S’} self-conjugately. 
Now {S, 7'} and {S’, 7”' must have a common sub-group of order p? ; 
since this is self-conjugate in G, it cannot be cyclical. The only 
non-cyclical sub-groups of orders p* that {S, 7'} and {S’, 7’! contain 
are {S?, 7'} and {S’, 7’'. Hence these must be identical, and 
therefore 7’ must occur in {S’, 7}. If now {S, 7'} and {S’, 7} were 
both Abelian, 7’ would be permutable both with S and with S’, and 
would therefore, contrary to supposition, be a_ self-conjugate 
operation. Hence either (i) G must contain a non-Abelian group 
{S, 7’} of order p*, in which S is an operation of order p; or (ii) the 
Abelian group {S, 7’}, in which S is an operation of order p*, must 
contain all the operations of G of order p’. 


In the case (i), the group is defined by 
Seal 2 = er ores 
BR SR-S'*O7?, RITR—SPT, 
RP = §*, 
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These equations give 
(S*R)P = Rv Sep {1+ (p-1)p (Pt) BYY-2} 


and therefore, except when p= 3, S-®R is an operation of order p. 
Hence, if p> 3, we may, without loss of generality, put zero for 6. 
In this case a simple calculation gives 


Teo Se re RA ee, 
where G,—shyele—t) +70, 6,—2B,. ye Fy. 


Hence if R*= fh’, SY=S', SP7'=T7", where x, y and z are not 
multiples of p, then 


Se Tet aT one 
R-SR = S30, 8)? 18 , 


ol 
Ted ea ee 
If now we take © 


nea, yey (mod. 7), 
then RUSH HST, RUM = Sey 7", 
Dropping the accents, the defining relations now become 
mp dpeay oye / Aiea, ae ted waged Lana wa ae 
7 pas Deh (aa! Ga Chmtae! Oy geal baeal Ae 


where a is either zero, unity, or any given non-residue. Since the 
sub-group {#, 7’, S?} contains all the operations of order p of the 
group, it follows at once that these three cases give three distinct 
types. 


When p= 3, it will be found that the defining relations again 
give three distinct types. The operation A may always be chosen so 
that a and y are zero. If it is so chosen, the three types correspond 
to the values 1,0; —1, 1; and —1, —1; of B and 64. 


In case (ii), the group is defined by 
Bie tl, te a, 
FASK= SVT? Ao eRe: 
Fides Wa 


with the condition that all operations of G, not contained in {S, 7’, 
are of order p. 


The formule for R-*SRk* and R-*7R* enable us to calculate 
directly the power of any given operation of G. Thus they give 


(S2R)P = Sve tgeyr +p (P-1)+gap(P+D} 
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If p>3, this gives 
(S°R)? = S?*, 


so that, if # is not a multiple of p, the order of S’R is p*, Hence 
the type of group under consideration can only occur when p= 3. 


In this case Chal) Se ed UM RUE 


Hence if p=3 and By =—1 (mod. 3), we obtain a new type. A 
reduction similar to that in the previous case may now be effected ; 
and taking unity for w, the group is defined by 


S=1, T=1, H=1, TOST=8, 
R“8R=S8T, RTR=S*T. 


71. It only remains to determine the distinct types which 
contain no operation of order p’. 


Suppose first that the self-conjugate operations of G form a 
group of order p’. This must be generated by two independent 
operations ? and @ of order p. 


If now F is any other operation of the group, {P, Y, R} must be 
an Abelian group of type (1, 1, 1). If again S is any operation not 
contained in {P, Q, #}, it cannot be permutable with A; for if it 
were, & would be self-conjugate. There must therefore be a relation 
of the form (§ 57) 


SRS = RPP, 


Since any operation of {P, @} may be taken for one of its 
generating operations, we may take ?*(8 or P for one. If then Q’ 
is an independent operation of {P, @}, G will be defined by 


Peat UPL Reel SP SS eP 


in addition to the relations expressing that P’ and Q’ are self- 
conjugate. There is then in this case a single type. That all the 
operations of G in this case are actually of order p follows from the 
obvious fact that every sub-group of order p* is either Abelian or of 
the second type of non-Abelian groups of order p*. 


72. Suppose, secondly, that the self-conjugate operations of G 
form a sub-group of order p, generated by P. There must then be 
some operation ( which belongs to a set of p conjugate operations ; 
for if every operation of G which is not self-conjugate were one of 
a set of p® conjugate operations, the total number of operations in 
the group would be congruent to p (mod. p’). It follows that Q 
must be self-conjugate in a group of order p*; and since P is also 
self-conjugate in this group, it must be Abelian. Let P, Y, R be 
generators of this group and S any operation of G not contained in 
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it. We may now assume that Q belongs to the sub-group H, 
(§ 53), and therefore that 


SV -Or, 
while Sons = KOPP. 
tas 

If B were zero, Q*R y would be a self-conjugate operation not 
contained in {P!; and therefore 8 must be different from zero. We 
may now put 

Ah case A ip | ety ai 
and the group is then defined by the relations 
Pee eh 1, eel SSR, SOS Or 

together with the relations expressing that P is self-conjugate. 
There is thus again in this case, at most, a single type. It remains 
to determine whether the operations are all actually of order p. 

The defining relations give 

S71 Pts O82 RY: § = Pen Qben Rr, 


where G41 =O, + Boy Bosi=Bxt+ Yur Yur1= Yai 

and therefore S-* P*Q® RY S* = Pes QP: Rye, 

where a,=at+ eB+zu(u—1)y, B,=B+ey, Yo=y- 
Hence 


bi P P 
(P2 Q8 RY S)? = PaO Bac 
— Ppatdp(p-1)8+3 (p+) pp -1)y QPB+3p(p-Dy RY. 
If p is a greater prime than 3, the indices of P, Y, & are all 
multiples of p; hence P*QP kYS is of order p, S being any opera- 
tion not contained in G. If however p=3, then 
(Pete kh SS = Pt, 


so that, if y is not a multiple of 3, P*Q@PAYS is an operation of | 
order 9. Hence this last type of group exists as a distinct type for 
all primes greater than 3; but for p= 3, it is not distinct from one 
of the previous types containing operations of order 9. 


73. In tabulating, as follows, the types of group thus 
obtained, we give with each group G a symbol of the form 


Ch, Oy: VG Oa. Ce Wena | ree : 
Tae i: Pees FP 
indicating the types of Ay, reo: Aa , Where 


Ha fy daly G 
is the series of self-conjugate sub-groups defined in §53. This 
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symbol is to be read from the left so that (a, b,...... ) is the 
type of H,. 


Moreover in each group there is no operation of higher 
order than that denoted by P. 


Table of groups of order p”, p an odd prime*. 


I. n=2, two types. 
(1) (2); Gat) (1, 1). 
II. n=3, five types. 
@.6); Gpt2 1); Gi) aan. 
(iv) Pe’ =1, @=1, Q°PQ = PH, (1) (11); 
(Vy PP le ee 1 on OF. 
Hop Corer, fyi 
Ill. n=4, fifteen types. 
Gi) @; @ @D; Gi @ 2; Gd) @ 1 D; 
(ve Ck 4 ty 
(vi) Pe =1, QP=1, Q>PQ = PH’, (2)(11); 
(vii) PP’ =1, @=1, R°=1, R-QR=QP*, O°PQ=P, 
mR =P ta) (ii) 
(viii) P? =1, Q =1, Q>PQ=P', (11) (11); 
(ix) PP =1, Q=1, RP=1, R>PR= P+, P-QP=Q, 
R>QR = Q, (11) (11), 
this group (ix) being the direct product of {Q} and {P, R}; 
(x) P*=1, @=1, RP=1, R“PR=PQ, Q-PQ=P, 
R-QR = Q, (11) (11); 


* On groups of orders p* and p*, the reader may consult, in addition to 
Young’s memoir already referred to, Hilder, ‘‘ Die Gruppen der Ordnungen 
Pp’, pq’, par, pt,” Math. Ann., xutt, (1893), in particular, pp. 371—410. 
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(xi), (xi1), and (xiii) p > 8, 
Pr =1, @=1, RP=1, Q°PQ =P, R7PR=PQ, 
R-QR = PQ, (1A) (11), 
where for (xi) a=0, for (xl) a=1, for (x11) a=any non- 
residue, (mod. p); 
pes (xi), and (xill) p = 
=. 1 ie Pe ie depot wire) gh erm rk A 
R~“QR = Q, (1)(1) 1), 
where for (xi) a=0, 8=1, for (xii) a=1, B=—1, for (xiii) 
a=—1l1, B=-1. 
Gay) Pe Ge = 1 he 1, SP =) SARS = Re 
Dao Selo. heh OU Ror kh 
QPQ=P, (11). 11), | 
this group (xiv) being the direct product of {Q} and {P, R, S}; 
(xv) p>3, 
Pr =1, @=1, R°=1, S?=1, SARS = RQ, S-QS = QP, 
eo) be ie Cee 
Q>PQ=P, (1) M1) (11); 
(xv) p=3, 
fee a ee 
R-QR = P*Q, (1) (1) (11). 
74. To complete the list, we add, as was promised in § 68, 
the types of non-Abelian groups of orders 2° and 2‘; the 


possible types of Abelian groups being the same as oe an 
odd prime. 


Non-Abelian groups of order 2°; two types. 
(i) identical with II (av), writing 2 for p; 
Gi t= 1 1 6 Uae Oa a 
Non-Abelian groups of order 2‘; nine types. 
(i), (11), G1), G@v) and (v) identical with III (vi), (vii), 
(viii), (ix) and (x), writing 2 for p; 
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vi) Piel, Gal, Bal, C'PQ=P", C=P, 
R-oQR=Q, R'PR=P, (11)(1)), 
this group (vi) being the direct product of {R} and {P, 
(ir =1, 1, OOF 4 td): 
(vin) 2 = 1 a1, OOO Athi) 
(ix) P= 1, 01, OOP ear Gs 


75. In the following examples, G is a non-Abelian group whose 
order is the power of a prime p; and the sub-groups H,, H,,...... Reo fe 
referred to are the series of self-conjugate sub-groups of § 53. 


} ° 


Ex. 1. If P and Q are any two operations of G, the totality of 
operations of the form P-'Q-'P@Q generate a self-conjugate sub- 
group identical with or contained in //,. 


Ex. 2. Shew that, if every sub-group of @ is Abelian S an 


oe . 
Di ee 
Abelian group of type (1, 1); and any two operations of G, neither 
of which belongs to H, and neither of which is a power of the other, 


generate G. 

"i ‘ G 2 2 1 

oe gt jf As Me ogee are of types (1, 1), (1), 
eee , shew that G can be generated by two operations. 

Ex. 4. If G, of order p”, is not Abelian, and if every sub-group 
of G is self-conjugate, shew that p must be 2. (Dedekind.) 


Ex. 5. If @ is of order p”, and Z, of type (1, 1,...... with m — 2 
units), and if m>5, @ is the direct product of two groups. If 
m = 5, there is one type for which @ is not a direct product, viz. 

Q,” = ’ QQ.” = 1, PPr=l, Q2°' Qe = QP, 
Q' PQ =P, Q.' PQ: = P. 

Ex. 6. <A group G, of order p”, (m>4), where p is an odd 
prime, contains an operation P of order p”~*, and no cyclical self- 
conjugate sub-group of order p”-*. Shew that, if P is one of a set 
of p* conjugate operations, the defining relations of the group are of 
the form 


PP =1, QP=1, QPQ=P™, RP = Pog, 
R7QR=Q, R'PR=Pite™'Q; 


and that, if P is one of a set of p conjugate operations, the defining 
relations are of the form 


te ei es iL (? = i G7 Fr? po yp Pie gee - (4, 
R“QR =P", RPR= PQ. 


Determine in each case the number of distinct types. 


CHAPTER VI. 


ON SYLOW’S THEOREM. 


76. It has been proved (§ 22) that the order of any sub- 
group of a group G@ is a factor of the order of G; and it 
results at once from the investigation of §§ 45—47 that, in 
an Abelian group, there is always at least one sub-group 
whose order is any given factor of the order of the group. 
The latter result is not however generally true for groups 
which are not Abelian; and for factors of the order of a group 
which contain more than one distinct prime, no general law is 
known as to the existence or non-existence of corresponding 
sub-groups. If however p™”, where p is a prime, divides the 
order of the group, it may be shewn that the group will always 
contain a sub-group of order p”. The special form of this 
theorem, that a group whose order is divisible by a prime p 
contains operations of order p, is due originally to Cauchy*. 
The more general result was first established by Sylow. He 
has shewn+ that, if p* is the highest power of a prime p which 
divides the order of a group, the group contains a single con- 
jugate set of kp + 1 sub-groups of order p*. 

For the special case p=2, the following proof of Cauchy’s 
theorem is perhaps worth giving for its simplicity. Arrange the 
operations of a group of even order in pairs S and S~' of inverse 


operations. If at any stage no further pairs can be formed, the 
remaining operations must all, except the identical operation, be 


* Cauchy, Exercises d’analyse, 111, (1844), p. 250. 

+ Sylow, Théorémes sur les groupes de substitutions, Math. Ann., v (1872) 
pp. 584 et seq. Compare also Frobenius, Neuer Beweis des Sylow’schen Satzes, 
Crelle, c. (1886), p. 179. 
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of order 2. The number of these remaining operations, which 
include the identical operation, is even. Hence there must be at 
least one operation of order 2, and the total number of such opera- 
tions is odd. 


We shall devote the present chapter to the proof of Sylow’s 
theorem; and a consideration of some of its more immediate 
consequences. ‘These constitute, as will be seen later on, a most 
important set of results. 


77. We shall divide the proof of Sylow’s theorem into two 
parts. First we shew that, if p* is the highest power of a prime 
p which divides the order of a group, the group must have a 
sub-group of order p*; and secondly that the sub-groups of 
order p* form a single conjugate set and that their number is 
congruent to unity, mod. p. 


Lemma. I/f p* is the highest power of a prime p by which 
the order of a group G is divisible, G must contain a sub-group 
whose order is divisible by p*. 

If the group G is Abelian, this has been already proved in 
§ 37. Suppose then that G of order N (=p*m, where m is 
prime to p) is not Abelian; and let G’ of order N’ be the sub- 
group of G formed of its self-conjugate operations. If S is any 
operation of G which is not self-conjugate, and if » is the order 
of the greatest sub-group within which S is permutable, S 


ee 
forms one of a set of = conjugate operations; hence, by equa- 


ting the order of the group to the sum of the numbers of 
operations contained in the different conjugate sets, we obtain 
the equation 


Ve NS 
n 


where the sign of summation is extended to all the different 
conjugate sets of those operations which are not self-conjugate. 


If N’ is not divisible by p, or in other words if G contains 
no self-conjugate operations of order p, this equation requires 
that at least one of the symbols n should be divisible by p*; 
therefore in this case the lemma is true. 


If N’ is divisible by p*, the group G’, being Abelian, must 
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contain a sub-group g’ of order p*; and this sub-group is self- 


/ 


conjugate in G. Consider now the group e of order p*-*m. 


If it has no self-conjugate operations of order p, it must 
(by the result just obtained) contain a sub-group whose order 
is divisible by p*~*; and hence G contains a sub-group whose 


order is divisible by p%. If, on the other hand, - has a sub- 


group of self-conjugate operations of order p*, then G must 
contain a self-conjugate sub-group of order p*+#’, say g”. 


We may now repeat the same reasoning with the group —, of 


order p*-*~*'m. In this way we must in any case be ultimately 
led to a sub-group of G whose order is divisible by p The 
lemma is therefore established. 


We have as an immediate inference :— 

THEOREM I. Jf p* is the highest power of a prime p which 
divides the order of a group, the group contains a sub-group of 
order p*. | 

For the group contains a sub-group whose order is divisible 
by p*; this sub-group must itself contain a sub-group whose 
order is divisible by p*, and so on. Hence at last a sub- 
group must be arrived at whose order is p*. 


Corollary. Since it has been seen in § 53 that a group of 
order p* contains sub-groups of every order p’ (8 < @), it follows 
that, if the order of a group is divisible by p®, the group must 
contain a sub-group of order p*. In particular, a group whose 
order is divisible by a prime p has operations of order p. 


78. THEOREM II. Jf p* is the highest power of a prime 
p which divides the order of a group G, the sub-groups of G of 
order p* form a single conjugate set, and their number is con- 
gruent to unity, mod. p. 


If H isa sub-group of G@ of order p*, the only operations of 
G, which are permutable with H and have powers of p for 
their orders, are the operations of H itself. For if P is an 
operation of order p”, not contained in H and permutable with 
it, and if p® is the order of the greatest group common to {P} 
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and H, the order of {H, P} is p*t"*. But G@ can have no such 
sub-group, since p**’* is not a factor of the order of G. 


Suppose now that H’ is any sub-group conjugate to H; 
and let p® be the order of the group h common to H and H’. 
When //’ is transformed by all the operations of H, the opera- 
tions of h are the only ones which transform H’ into itself. 
Hence the operations of H can be divided into p** sets of p® 
each, such that the operations of each set transform H’ into a 
' k distinct sub-group. In this way, p*-* sub-groups are obtained 
_vdistinct from each other and from H and conjugate to H. If 
_ these sub-groups do not exhaust the set of sub-groups conjugate 
to H, let H” be a new one. From H” another set of pre 
sub-groups can be formed, distinct from each other and from H 
and conjugate to H. Moreover no sub-group of this latter set 
can coincide with one of the previous set. For if 


Pon =n 2b 
where P, and P, are operations of H, then 
Ds hase af aie «i 3» 


where P; (= P,P") is an operation of H ; and this is contrary to 

the supposition that H” is different from each group of the 

previous set. By continuing this process, it may be shewn that 

the number of sub-groups in the conjugate set containing H is 
Lio t tt + ic. 

where no one of the indices 1— 8, a—’,...... can be less than 


unity. The number of sub-groups in the conjugate set con- 
taining H is therefore congruent to unity, mod. p. 


If now G@ contains another sub-group H, of order p*, it must 
belong to a different conjugate set. The number of sub- 
groups in the new set may be shewn, as above, to be congruent 
to unity, mod. p. But on transforming H, by the operations of 
H, a set of p* conjugate sub-groups is obtained, where py is 
the order of the sub-group common to H and H,. A further 
sub-group of the set, if it exists, gives rise to p*~” additional 
conjugate sub-groups, distinct from each other and from the 
previous p*. Proceeding thus we shew that the number of 
sub-groups in the conjugate set is a multiple of p; and as it 
cannot be at once a multiple of p and congruent to unity, mod, 
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p, the set does not exist. The sub-groups of order p* therefore 
form a single conjugate set and their number is congruent to 
unity, mod. p. 


Corollary I. If p*m is the order of the greatest group J, 
within which the group H of order p* is contained self- 
conjugately, the order of the group G must be of the form 


prm(1 + kp). 


Corollary IJ. The number of groups of order p* contained 
in G, ie. the factor 1+kp in the preceding expression for the 
order of the group, can be expressed in the form 


l+hpt+hp?+...+kap*, 


where k,.p” is the number of groups having with a given group 
H of the set greatest common sub-groups of order p*™. 


This follows immediately from the arrangement of the set 
of groups given in the proof of the theorem. Thus each of the 
p* 8 groups, obtained on transforming H’ by the operations of 
H, has in common with H a greatest common sub-group of 
order p®. It may of course happen that any one or more of the 
numbers k,, kh, ..., k, is zero. If no two sub-groups of the set 
have a common sub-group whose order is greater than p’, then 
ky, ky, ..., Ka all vanish ; and the number of sub-groups in the 
‘set is congruent to unity, mod. p*~”. Conversely, if p* is the 
highest power of p that divides kp, some two sub-groups of the 
set must have a common sub-group whose order is not less than 
p**; for if there were no such common sub-groups, the number 
of sub-groups in the set would be congruent to unity, mod. p**). 


Corollary III. Every sub-group of G whose order is pf, 
(8<a), must be contained in one or more sub-groups of order p*. 


For if the sub-group of order p® is contained in no sub-group 
of order p**, the only operations whose orders are powers of p 
that transform it into itself are its own. In this case, the 
preceding method may be used to shew that the number of 
sub-groups in the conjugate set to which the given sub-group 
belongs must be congruent to unity, mod. p. But this is 
impossible, as the number of such sub-groups must, on the 
assumption made, be a multiple of ps8. The sub-group of 
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order p® is therefore contained in one of order p**?, and hence 
repeating the same reasoning in one of order p*. 


79. We shall refer to Theorems I and II together as Sylow’s 
theorem. In discussing in this and the following paragraphs . 
some of the results that follow from Sylow’s theorem, we shall 
adhere to the notation that has been used in establishing the 
theorem itself. Thus p* will always denote the highest power 
of a prime p which divides the order of G; the sub-groups of G 
of order p* will be denoted by H, H,, ..., and the greatest sub- 
groups of G@ that contain these self-conjugately by J, 1, .... 
These latter form a single conjugate set of sub-groups of G, 
whose orders are p*m, the order of ( itself being p*m (1+ kp). 
Moreover the number of groups in this conjugate set is 1 + kp. 


Suppose now that S is any operation of G whose order is a 
power of p. When the 1 + kp sub-groups 


a, H,, H,, eeey Ay, 


are transformed by S, each one that contains S is transformed 
into itself, while the remainder are interchanged in sets, the 
number in any set being a power of p. Hence the number of 
these groups which contain S must be congruent to unity, 
mod, p. In precisely the same way, it may-.be shewn that the 
number of sub-groups of order p*, which contain a given sub- 
group of order p*, is congruent to unity, mod. p. 


A sub-group (or operation), having a power of p for its order 
and occurring in 1+Jlp sub-groups of order p*, will not neces- 
sarily be one of the same number of conjugate sub-groups (or 
operations) in each of these 1 + lp sub-groups. If then h is a sub- 
group, of order p”, that occurs in 1+Jlp sub-groups of order p*, 
we may choose one of these, say H, in which h is one of as small 
a number as possible of conjugate sub-groups. Let this number 
be p*’~, so that, in H, h is self-conjugate in a group of order 
p’**. Then in G, the order of the greatest group 7, in which 
h is self-conjugate, must be p’+*n, where n is relatively prime to 
p. The number of sub-groups of 7 of order p’+* must be 
congruent to unity, mod. p. No two of these groups of order 
p’** can occur in the same group of order p*; for if they did, 
they would generate a group of order p’*#+, (t+ 1), and this is 
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impossible, p”** being the highest power of p that divides the 
order of 7. Moreover the number of groups of order p* in which 
any one of these groups of order p”t* enters is congruent to 
unity, mod. p. Hence the number of groups of order p*, in 
which h is one of p*~’~* (the least possible number) conjugate 
sub-groups, is congruent to unity, mod. p. Suppose now that, 
in H’, h is one of p*”-* (s'<s) conjugate sub-groups; so that 
in H’ it is self-conjugate in a sub-group of order p’+* and 
in no greater sub-group. Then the highest power of p that 
divides the order of the group common to /’ and 7 is p”**’; and 
therefore, when H’ is transformed by all the operations of 7, the 
number of groups of order p* formed is a multiple of p**. In 
each of these groups, h is one of p*-"-* conjugate sub-groups. 
If this does not exhaust all the groups of order p* in which h is 
one of p*~”—* conjugate sub-groups, let H” be another. Then 
from this another set of groups, whose number is a multiple of 
p**, may be formed, which are distinct from each other and 
from the previous set, such that in each of them h is one of 
p**-* conjugate sub-groups. ‘This process may clearly be 
continued till all such groups are exhausted. Hence the 
number of groups of order p*, in which h is one of p*~"-* (s'<s) 
conjugate sub-groups, is a multiple of p**. Ifh enters as one 
of p**-* conjugate sub-groups in #1’, a sub-group conjugate 
to h must enter as one of p*”-* conjugate sub-groups in H. 
Hence if p’**, p’t*, p*t*’, ... are the orders of the greatest 
sub-groups that contain h self-conjugately in the various sub- 
groups of order p* in which it appears, then H must contain 
sub-groups of the conjugate set (in G) to which h belongs in 
conjugate sets of pt’, pt, p™**,... only. The total number 
x of such sub-groups contained in H is clearly connected with 
the total number 1+Jp of sub-groups of order p*, in which h 
appears, by the relation 


a(1+kp)=y (1+ lp), 


y being the number of sub-groups in the conjugate set. For 
every sub-group of order p* will contain # of the set: and the 
two sides of the equation represent two distinct ways of reckon- 
ing all the sub-groups of the set 4 contained in the sub-groups 
of the set H, when all repetitions are counted. 
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It is to be noticed that, with the above notation, 
Pia emt Rp) 
n : 


px **m (1 + lp) 


VW 


y= 


and therefore z= 


80. THEOREM III. Let p* be the highest power of a prime 
p which divides the order of a group G, and let H be a sub-group 
of G of order p*. Let h be a sub-group common to H and some 
other sub-group of order p*, such that no sub-group, which contains 
h and is of greater order, is common to any two sub-groups of 
order p*. Then there must be some operation of G, of order 
prime to p, which is permutable with h and not with H*. 


Suppose that H and H’ are two groups of order p* to 
which fh is common: and let h, and h,’ be sub-groups of H and 
H’, of greater order than h, in which h is self-conjugate. If h, 
and h,’ generate a group whose order is a power of p, it must 
occur in some group H” of order p*; and then H and H” have 
a common group /,, which contains / and is of greater order. 
This is contrary to supposition, and therefore the order of the 
group generated by /, and h,’ is not a power of p. Hence h is 
permutable with some operation whose order is prime to p. 


Let p” be the order of h, and p’t*n be the order of the 
greatest sub-group 7 of @ that contains / self-conjugately. If 7 
contained a self-conjugate sub-group of order p’**, h, and h,’ 
would be sub-groups of it and they would generate a group 
whose order is a power of p. This is not the case, and therefore 
7 must contain 1 + k’p sub-groups of order p’**, so that we may 
write m’ (1 + k’p) for n; and then, in 7, a sub-group of order p”** 
is self-conjugate in a sub-group of order p’**m’. No sub-group 
of 7 of order p’*'(t >0) can occur in more than one sub-group 
of order p*; and the 1 + k’p sub-groups of 7 of order p’** belong 
therefore to 1+ ’p distinct sub-groups of order p*. Moreover 
h occurs in no sub-groups of order p* other than these 1 + k’p. 
For if 4 occurred in another sub-group H,, it would in this 
sub-group be self-conjugate in a group of order p’** (s’ > 0); and 

* Frobenius, ‘‘ Ueber endliche Gruppen,” Berliner Sitzungsberichte (1895), 


p. 176: and Burnside, ‘‘ Notes on the theory of groups of finite order,” Proc. 
London Mathematical Society, Vol. xxv1 (1895), p. 209. 


B, 


7 
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this group would occur in 7. This group would then be common 
to two sub-groups of order p*, contrary to supposition. 


An operation of 7, which transforms one of its sub-groups 
of order p’** into another, must transform the sub-group of order 
p* containing the one into that containing the other. Hence 7 

must contain operations which are not permutable with H. 
The greatest common sub-group of 7 and J is that sub-group 
of 7 of order p"+*m’ which contains the sub-group of order p’ts 
belonging to H self-conjugately. For every operation, that 
transforms this sub-group of order p’t* into itself, must trans- 
form H into itself; and no operation can transform H into itself 
which transforms this sub-group of order p’** into another. 


81. Let P be an operation, or sub-group, which is self- 
conjugate in H; and let Q be another operation, or sub-group, 
of H, which is conjugate to P in G, but not conjugate to P 
in J. Suppose first that, if possible, Q is self-conjugate in 71. 
There must be an operation S which transforms P into Q and 
H into some other sub-group H’, so that 


SPS = Q, 
SHS =17'. 
Now in the sub-group which contains Q self-conjugately, 
the sub-groups of order p* form a single conjugate set, and 


H must occur among them. Hence this sub-group must contain 
an operation 7’ such that 


T“QT=Q, 
and PORT aif. 
It follows that 
TAS PST = 6, 
T“S-HST = H, 


or that, contrary to supposition, P and Q are conjugate in x 
Hence :— 


THEOREM IV. Let G and H be defined as in the previous — 
theorem, and let I be the greatest sub-group of G which contains 
H self-conjugately. Then if P and Q are two self-conjugate 
operations or sub-groups of H, which are not conjugate in I, 
they are not conjugate in G. 
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Corollary. If H is Abelian, no two operations of H which 
are not conjugate in J can be conjugate in G. Hence the 
number of distinct sets of conjugate operations in G, which 
have powers of p for their orders, is the same as the number of 
such sets in J. 


82. Suppose next that Q is not self-conjugate in H. 
Then every operation that transforms Q into P must transform 
H into a sub-group of order p* in which P is not self-conjugate. 
Of the sub-groups of order p*, to which P belongs and in which 
P is not self-conjugate, choose H’ so that, in H’, P forms one 
of as small a number of conjugate operations or sub-groups as 
possible. Let g be the greatest sub-group of H’ that contains 
P self-conjugately. Among the sub-groups of order p* that 
contain P self-conjugately, there must be one or more to which g 
belongs. Let H be one of these; and suppose that / and h’ 
are the greatest sub-groups of H and H' respectively that 
contain g self-conjugately. The orders of both 4 and h’ must 
(Theorem II, § 55) be greater than the order of g; and in con- 
sequence of the assumption made with respect to H’, every 
sub-group, having a power of p for its order and containing h, 
must contain P self-conjugately. 


Now consider the sub-group {h, h’}. Since it does not 
contain P self-conjugately, its order cannot be a power of p. 
Also if p® is the highest power of p that divides its order, it 
must contain more than one sub-group of order p’. For any 
sub-group of order p®, to which h belongs, contains P self- 
conjugately ; and any sub-group of order p®, to which h’ belongs, 
does not. Suppose now that S is an operation of {h, h’}, having 
its order prime to p and transforming a sub-group of {h, h’} of 
order p®, to which h belongs, into one to which h’ belongs. 
Then S cannot be permutable with P; for if it were, P would 
be self-conjugate in each of these sub-groups of order p*. 


When FP is an operation, we may reason in the same way 
with respect to {P}. 


Since g is self-conjugate in both h and h’, S must transform 
g into itself. Now P is self-conjugate in g, and therefore 


7-2 
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SPS" is also self-conjugate in g for all values of 7. If then 
St is the first power of S which is permutable with P, the 
series of groups P, S“PS....... , St PS are all distinct and 
each is a self-conjugate sub-group of g. Every group in this 
series 1s therefore permutable with every other. Hence :— 


THEOREM V. If G and H are defined as in the two preceding 
theorems, and if P is a self-conjugate sub-group or operation of 
HI, then either (3) P must be self-conjugate in every sub-group 
of G, of order p*, in which it enters, or (ii) there must be an 
operation S, of order q prime to p, such that the set of sub- 
GOES TAF | Sra O, Vy see ,g—1) are all distinct and per- 
mutable with each other. 


83. In illustration of Sylow’s theorem and its consequences, we 
will now consider certain special types of group; and we will deal 
first with a group whose order is the product of two different primes. 

If p, and p, (p, <p.) are distinct primes, a group of order p,po~— | 
must, by Sylow’s theorem, have a self-conjugate sub-group of order 
po. If p.is not congruent to unity, mod. p,, the group must also 
have a self-conjugate sub-group of order p,. The two self-conjugate 
sub-groups of orders p, and p, can have no common operation 
except the identical operation; and therefore (Theorem IX, § 34) 
every operation of one must be permutable with every operation of 
the other. Hence if p, is not congruent to unity, mod. p,, a group 
of order p,p, must be Abelian, and therefore also cyclical. 


If ps is congruent to unity, mod. p,, there may be either | or p, 


conjugate sub-groups of order p,. 


If there is one, it is self-conjugate and the group is cyclical. 


_ If there are p, sub-groups of order p,, let P, denote an operation 
which generates one of them. Then if P, is an operation of order p,, 


PON, P= 2} 


therefore Dey oO gare gah 
so that P, = P, P,P? = Po". 
Hence a’: = 1 (mod. p,). 


If a were unity, P, would be permutable with P,, and {P,} would not 
be one of p, conjugate sub-groups. Hence a must be a primitive 
root of the above congruence. 


A group of order p,p,, which has p, conjugate sub-groups of order 
p,, must therefore, when it exists, be defined by the relations. 


Pia Peet Pees =F, 
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where a is a primitive root of the congruence’ 
a, = 1 (mod. p,). 
It follows from § 33 that the order of the group defined by these 


relations cannot exceed p,p,. But also from the given relations it 
is clearly impossible to deduce new relations of the form 


2 ayy 0s ' 
PEP P= PEPYS, 
where w and 2’ are less than p,, and y and y’ are less than p,; hence 
the order cannot be less than p,p,. 


Again, let 8 be a primitive root of the congruence, distinct from 
a, so that 


“=a (mod, p,). 
Then if, in the group defined by 
PEON ge ry ist ey. 
we represent P,* by P,’, the defining relations become 
Pal Peal fiat aes 
and the group is simply isomorphic with the previous group. 


Hence finally, when p, is congruent to unity, mod. p,, there is a 
single type of group of order p,p,, which contains p, conjugate 
sub-groups of order p,. 


84. We will next deal with the problem of determining all 
distinct types of group of order 24. 


A group of order 24 must contain either 1 or 3 sub-groups of 
order 8, and either 1 or 4 sub-groups of order 3. If it has one 
sub-group of order 8 and one sub-group of order 3, the group must, 
since each of these sub-groups is self-conjugate, be their direct 
product. We have seen (s§ 68, 74) that there are five distinct types 
of group of order 8; there are therefore five distinct types of group 
of order 24, which are obtained by taking the direct product of any 
group of order 8 and a group of order 3. 


If there are 3 groups of order 8, some two of them must 
(Theorem II, Cor. II, § 78) have a common sub-group of order 4; 
and (Theorem III, § 80) this common sub-group must be a self- 
conjugate sub-group of the group of order 24. Moreover if, in 
this case, a sub-group of order 8 is Abelian, each operation of the 


' It should be noticed that, if a is not a root of the congruence, the relations 
define a group of order p,. Thus from 


P,P,P, =P,*, 
we have P,-?:P, P,P: = P,*”"'. 
Hence per" = 1, and P?:=1, 
so that P,=1, and the group reduces to {P,}. 
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self-conjugate sub-group of order 4 must (Theorem IV, Cor. § 81) 
be a self-conjugate operation of the group of order 24. 


With the aid of these general considerations, it now is easy to 
determine for each type of group of order 8, the possible types of 
group of order 24, in addition to the five types already obtained. 


(i) Suppose a group of order 8 to be cyclical, and let A be an 
operation that generates it. If {A} is self-conjugate and B is an 
operation of order 3, then 


BAe Ae 
and therefore B-A B= A”. 
Hence a = 1 (mod. 8), 
and therefore a= 1 (mod. 8); 


so that A and 4 are permutable. This is one of the types already 
obtained. Hence for a new type, {A! cannot be self-conjugate, and 
A? must be a self-conjugate operation; B is therefore one of two 
conjugate operations, while {4} is self-conjugate. Hence the only 
possible new type in this case is given by 


Sates 37: AI 7 Tae 
(ii) Next, let a group of order 8 be an Abelian group defined by 
Be ee As 
If this is self-conjugate, then, by considerations similar to those 


of the preceding case, we infer that the group is the direct product 
of groups of orders 8 and 3. Hence there is not in this case a new 


type. 

If the group of order 8 is not self-conjugate, the self-conjugate 
group of order 4 may be either {A} or {A*, B!. In either case, if 
is an operation of order 3, it must be one of two conjugate operations 
while {C} is self-conjugate. Hence there are two new types respec- 
tively given by 

ei Oe = Os oe ae 
and Cot ere eG Oe ee, 

(iii) Let a group of order 8 be an Abelian group defined by 

a ea, CO al Aho BA CC SCE, Cae 

If it is self-conjugate, and if the group of order 24 is not the 
direct product of groups of orders 8 and 3, an operation D of order 3 
must transform the 7 operations of order 2 among themselves ; and 
it must therefore be permutable with one of them. Now the relations 


DTAD= A, DBP = As, 
are not self-consistent, because they give 
POR = B. 
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Hence, since the group of order 8 is generated by A, B and any 
other operation of order 2 except AB, we may assume, without loss 
of generality, that 


D'AD=A, D“BD=C, D-CD= A°B"C". 
These relations give 


B= DBD = D“A*BYC#D = A*0+4 Becrt, 


and therefore g=s= 1, 
Now if D'CD= ABC, 
and if AB=B, AC=C, 
then D“B'D=C’, D'C'’D=B'C'; 


so that the two alternatives «=0 and x=1 lead to simply 
isomorphic groups. 
Hence there is in this case a single type. It is the direct 
product of {A} and {D, B, C}, where 
DVD = ¢,.. 7 Gps a, 
If the group of order 8 is not self-conjugate, the self-conjugate 


group of order 4 may be taken to be {A, 4}; and D being an opera- 
tion of order 3, there is a single new type given by 


Pal, CDC=sD", AVA=D), BRA= DV, 
(iv) Let a group of order 8 be a non-Abelian group defined by 
Asal Bal, Ae, 8 ae 


and let C be an operation of order 3. If the group of order 8 is 


self-conjugate, and the group of order 24 is not a direct product of 
roups of orders 8 and 3, C' must transform the 3 sub-groups of 
order 4, {A}, |B} and {44}, among themselves. Hence we may take 


Ur a0 = B, 
and CBC = AB or (AB)*. 
If C transforms B into (A 4)’, then 
CAC = y, Saag 


and ( cannot be an operation of order 3. Hence in this case there 
is only one new type, given by 


O= 1], CAC = 8, CBU =A. 


If the sub-group of order 8 is not self-conjugate, the self-conjugate 
sub-group of order 4 is cyclical, and each of its operations must be 
permutable with C. Hence again we get a single new type, given by 


Cet 42°U4a=C, FF ORsC 
(v) Lastly, let a sub-group of order 8 be a non-Abelian group 
detined by 
A‘=1, Mal, BARB=4-. 


“i 
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This contains one cyclical and two non-cyclical sub-groups of 
order 4. If it is self-conjugate, the group of order 24 must therefore 
be the direct product of groups of orders 8 and 3; and there is no 
new type. 


If the sub-group of order 8 is not self-conjugate, and the self- 
conjugate sub-group of order 4 is the cyclical group {A‘, then A 
must be permutable with an operation C of order 3, and there is a 
single new type given by 

Cte ClO, bh ep. 

If the self-conjugate sub-group of order 4 is not cyclical, it may 
be taken to be {1, 4’, B, A’B}. If C is permutable with each 
operation of this sub-group, there is a single type given by 

CoA tA Ue =. 

If C is not permutable with every operation of the self-conjugate 
sub-group, it must transform d’, 4, A?6 among themselves and we 
may take 

Co Ce Ae: 

Now {C, A’, B} is self-conjugate, and therefore A must transform 
C into another operation of order 3 contained in this sub-group. 
Hence 

Ape OCA. 
The only values of x, y, which are consistent with the previous 
relation 
7 lag Or Salinas OF Es 
are Ce ee 
The last new type is therefore defined by : 
Ae ee AD aa 
Coa CaO a Ce 
AvGA= CAR. 

When & is eliminated between these relations, it will be found 

that the only independent relations remaining are 


BE OO i ACE 


It is a good exercise to verify that these form a complete set of 
defining relations for the group. (Compare Ex. 1, § 35.) 


There are therefore, in all, fifteen distinct types of group of order 
24. The last of these is the only type, which has neither a self- 
conjugate sub-group of order 8, nor one of order 3. The reader 
should satisfy himself, as an exercise, that, in the ten cases where 
the group is not a direct product of groups of orders 8 and 3, the 
defining relations which we have given are self-consistent. This is 
of course an essential part of the investigation, and it may, in 
more complicated cases, involve some little difficulty. We have 
omitted the verification here, where it is very easy, for the sake of 
brevity. 
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It is to be noticed that the last type obtained gives an example, 
and indeed the simplest possible, of Theorem V, § 82. Thus in 
{A, B} of order 8, A? is a self-conjugate operation and B is not. In 
the group of order 24, the operations A* and B are conjugate ; and 
C is an operation, of order prime to 2, such that 4*, C~'A*C, C~*A?C* 
generate three mutually permutable sub-groups. 

A discussion similar to that of the present section (but simpler, 
since in each case the number of types is smaller), will verify the 
following table* :— 


Order | 6 


~/ 


| | 
| 14 


” Number 5 | 2 | 2 


This table, taken with the results of Chapter V, gives the number 
of distinct types of groups for all orders less than 32. 


85. As a second example, we will discuss the various distinct 
types of group of order 60. 


A group of order 60 must, by Sylow’s theorem, contain either 1 
or 6 cyclical sub-groups of order 5. 


We will first suppose that a group G@ of order 60 contains a 
single cyclical sub-group of order 5, which is necessarily self-con- 
jugate. There will then be four operations of order 5 in @; and 
we may deal with two sub-cases according as these operations are or 
are not self-conjugate. 


(i) Suppose that each operation of order 5 is self-conjugate. 
There must then be either 1 or 3 sub-groups of order 4. If there is 
only one, it must be permutable with an operation of order 3; 
and then G contains a sub-group of order 12. If there are three, 
it follows, by Theorem II, Cor. II (§ 78), that some pair of them 
must have a common sub-group of order 2. But (Theorem IIT, § 80) 
this sub-group of order 2 must be permutable with some operation 
of order prime to 2, which is not permutable with a sub-group of 
order 4. This operation must be of order 3; hence in this case also 
there must be a sub-group of order 12. Thus then the group is, 
with either alternative, the direct product of a group of order 5 and 
a group of order 12. Now there are five distinct types of group of 
order 12; there are therefore tive distinct types of group of order 60 
which contain self-conjugate operations of order 5. 


(ii) Suppose that S is an operation of order 5 which is not self- 
conjugate. If 7’ is an operation which is not permutable with S, 
then 


T-§T = 8°, 


* Miller, Comptes Rendus, cxx11 (1896), p. 370. 
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where a is not unity. Also, if 7” is the lowest power of 7 which is 
permutable with S, then 


T-*§T* = §* = S, 
and therefore a” = 1 (mod. 5). 


It follows that « must be either 2 or 4. If x is 2 for every 
operation 7’ which is not permutable with S, then S and S* form a 
complete set of conjugate operations ; as also do S? and S*. If a is 
4 for any operation 7’, the four operations S, S*, S*, S* form a 
single conjugate set. 

First, let S be one of two conjugate operations ; it must then be 
self-conjugate in a sub-group of order 30, and by Sylow’s theorem 
this sub-group must contain a single sub-group of order 3. It will 
therefore be given by 

(Ae Ane ee oe ae 
gee (Oia Sw de dy ADA Be 
according as B is or is not a self-conjugate operation ; S in either 
case being permutable with both A and B. 

If the sub-groups of order 4 are cyclical, G must contain an 
operation A, of order 4 whose square is 4 ; and 4, must transform S 
into its inverse and {4} into itself. The latter condition clearly 
cannot be satisfied if the self-conjugate sub-group of order 30 is of 
type (8). Hence we have two types given by 

ee ee te a ae 
A oA =a BRA ba =P. Orb. 


If the sub-groups of order 4 are not cyclical, G must contain an 
operation A’ of order 2, which is permutable with A; and 4d’ trans- 
forms S into its inverse and {4} into itself. In this case, if the self- 
conjugate sub-group is of type (a), there are two types given by 

a Ae ye ey A 
BAA = AeA AA Se Bae Oto 


If the self-conjugate sub-group is of type (8), there is a single 
type in which the last two of the preceding equations are replaced 
by 

ADA= BA AA =F, 

Secondly, let the operations of order 5 form a single conjugate 
set. The sub-groups of order 4 must then be cyclical since G 
contains an operation 7’, such that 74 is the lowest power of 7’ which 
is permutable with S. Also S is permutable in a sub-group of order 
15. This sub-group must be self-conjugate ; and therefore G' contains 
a self-conjugate sub-group of order 3. Let 

Bal, S=1,° BSBR=8 
define the self-conjugate sub-group of order 15; and let 4, be an 
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operation of order 4, none of whose powers is permutable with S. 
We may then take 
A, 8A, = 8°; 
“since {B' is self-conjugate, 4, must transform this sub-group into 
itself. There are therefore two types given by 
Asal, Bs), Bal, BAbas, A eA 20, 
and A,“ BA, 3 Bo 8", 


Hence there are in all twelve distinct groups of order 60, each of d 
which has a self-conjugate sub-group of order 5. 


(iii) Next, suppose that G contains 6 conjugate sub-groups of 
order 5. No operation of order 3 can be permutable with an 
operation of order 5, and therefore by Sylow’s theorem there must 
be 10 conjugate sub-groups of order 3. Hence G contains 24 
operations of order 5 and 20 operations of order 3. If any one 
operation of order 5 were permutable with an operation of order 2, 
all its powers would be permutable with the same operation, and 
therefore, since the sub-groups of order 5 form a single conjugate 
set, every operation of order 5 would be permutable with an 
operation of order 2. The group would then contain at least 24 
operations of order 10. This is clearly impossible, since the sum of 
the numbers of operations of orders 3, 5 and 10 would be greater 
than the order of the group. Hence the sub-group of order 10, 
which contains self-conjugately a sub-group of order 5, must be of 
the type 

Aal, Sal, AsA=s*, 

In a similar way, we shew that a sub-group of order 6, which 

contains self-conjugately a sub-group of order 5, is of the type 


Al Bia, ARS 2. 


Since no operation of order 3 or 5 is permutable with an operation 
of order 2, it follows (Theorem ITT, § 80) that no two sub-groups of 
- order 4 can have a common operation other than identity. Hence 
there must be 5 sub-groups of order 4; for if there were 3 or 15, 
some of them would necessarily have common operations. Each 
sub-group of order 4 is therefore contained self-conjugately in a 
sub-group of order 12. Such a sub-group of order 12 can contain no 
self-conjugate operation of order 2, since G contains no operation of 
order 6. Hence the sub-groups of order 4 are non-cyclical, and the 
3 operations of order 2 in any sub-group of order 4 are conjugate 
operations in the sub-group of order 12 containing it. This sub- 
group must therefore be of the type 


Bal, B'4,224,, B'*A8=-4,4,, 
where A, and A, are two permutable operations of order 2. 


The 5 sub-groups of order 4 contain therefore 15 distinct opera- 
tions of order 2; and these form a conjugate set. We have already 
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seen that the 20 operations of order 3 form a conjugate set, and 
that the 24 operations of order 5 form two conjugate sets of 12 
each. Hence the 60 operations of the group are distributed in 5 
conjugate sets, containing respectively 1, 12, 12, 15 and 20 opera- 
tions. It follows at once (§ 27, p. 35) that the group, when it exists, 
is simple. 


A sub-group of order 12, the existence of which has been proved, 
must be one of 5 conjugate sub-groups; and, since the group is 
simple, no operation can transform each of these into itself. Hence 
if the 5 conjugate sub-groups 

H,, H,, H;, Hy, H, 
are transformed by any operation of the group into 

Hj, Hy, H;, Hy, 4s, 
and if we regard 

H,, H,, H;, Hy, 2) 

Hy, H,, H;, Hy, Hs 
as a substitution performed on 5 symbols, the group is simply 
isomorphic with a substitution group of 5 symbols. In other words, 
the group can be represented as a group of substitutions of 5 symbols. 
Now there are just 60 even substitutions of 5 symbols; and it is 
easy to verify that the group they form satisfy all the conditions 
above determined. Moreover it will be formally proved in Chapter 
VITI, and it is indeed almost obvious, that no group of substitutions 
can be simple if it contains odd substitutions, Hence finally, there 


is one and only one type of group of order 60 which contains 6 
sub-groups of order 5. 


Ex. 1. If p, g, “ are distinct primes, shew that a group of order 
p’qr, which contains a self-conjugate operation of order 7, must be 
the direct product of two groups of orders p’q¢ and + respectively. 


Ex. 2. Shew that there is a single type of group of order 84 
which contains 28 sub-groups of order 3; and determine its defining 
relations. 


Ex. 3. If p*(a>1) is the highest power of p which divides the 
order of G, and if 1 + kp be the number of sub-groups of G of order 
p*, shew that (i) if 1 + kp <p’, (ii) if a group of order p? is cyclical 
and 1+kp <>p+, G@ is composite. 

(Maillet, Comptes Rendus, cxviu, (1894), p. 1188.) 


86. A remarkable and important extension of Sylow’s 
theorem has recently been given by Herr Frobenius’. In 
the theorem, as stated above, p* is the highest power of a 


1 Frobenius: Berliner Sitzungsberichte (1895), p. 988. 
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prime p that divides the order of a group. Herr Frobenius 
shews that, if p* is any power of a prime p that divides the 
order of a group, the number of sub-groups of order p* is 
congruent to unity, mod. p. These groups do not however, in 
general, form a single conjugate set. 


For a group whose order is a power of p higher than p*, this 
result has been already proved in § 61. Suppose now that 


Ge Ge Ge a: ; 


are the sub-groups of order p* contained in a group G, and that 
p* is the highest power of p dividing the order of G. It has 
been seen, in the proof of Sylow’s theorem, that G contains at 
least one sub-group G, of order p*. The above set of sub- 
groups of order p* may then be divided into two classes, those 
namely which are contained in G,, and those which are not. 
The result of § 61 shews that the number of the sub-groups 
contained in the first of these classes is congruent to unity, 
mod. p; and if G, is a self-conjugate sub-group of G, all the 
sub-groups must be contained in this class. If G, is not 
self-conjugate in G, and if G;, any one of the sub-groups 
belonging to the second class, be transformed by all the 
operations of G,, a set of p® sub-groups of order p* will result. 


Now it is easy to see that # is not less than unity, and that 
every one of these p* sub-groups belongs to the second class, 
For suppose first that # is zero, so that G; is transformed into 
itself by every operation of G,. Then {G,, G;} is a sub-group 
of G whose order is a power of p; and since G; is not contained 
in G,, the order of this sub-group is not less than p**. This is 
impossible, since p**! is not a factor of the order of G. Secondly, 
if P“G,P were contained in G,, P being some operation of 
G@,, then G, would be contained in PG,P~ or in G,, contrary 
to supposition. If the sub-groups of the second class are 
not thus exhausted, and if G;’ is a new one, we may on trans- 
forming G; by the operations of G, form a fresh set of p® 
sub-groups of the second class which are distinct from each 
other and from the previous set; and this process may be 
continued till the second class is exhausted. The number of 
sub-groups in the second class is therefore a multiple of p. 
Hence :— 
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THEOREM VI. If p*, where p is prime, divides the order of 
a group G, the number of sub-groups of G of order p* is con- 
gruent to unity, mod, p. 


87. If pis a prime which divides the order of a group G, 
it immediately follows from the foregoing theorem that the 
number of operations of G, which satisfy the relation 


S? =1, 


isa multiple of p. For the number of sub-groups of G of order 
p is kip+1, and no two of these sub-groups can contain a 
common operation except identity. There are therefore 


(Ap +1)(p—1) 
distinct operations of order p in G; these, together with the 
identical operation, which also satisfies 


S? = 1, 
give in all (kip — k, + 1) p operations. 


This result has been generalized by Herr Frobenius' in the 
following form :— 


THEOREM VII. Jf n is a factor of the order N of a group 
G, the number of operations of G, including identity, whose 
orders are factors of n, is a multiple of n. 


It is easy to verify the truth of this theorem directly for 
small values of NV’; and we may therefore assume it true for 
every group whose order is less than that of the given group G. 
Again, when n is equal to NV, the theorem is obviously true. 
If then, on the assumption that the theorem is true for all 
factors of VV which are greater than n, we shew that it is true 
for n, the general truth of the theorem will follow by induction. 


If p is any factor of _ we assume that the number of 


operations of G whose orders divide np is a multiple of np, and 
therefore also of n; and we have to shew that the number of 
operations of G, whose orders divide np and do not divide , is 


1 “Verallgemeinerung des Sylow’schen Satzes,” Berliner Sitzwngsberichte 
(1895), pp. 984, 985. 
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also a multiple of n. Let this set of operations be denoted by 
A. If p\~ is the highest power of p that divides n, the order of 
every operation of the set A must be equal to or be a multiple 
of p. Let P be one of these operations and m its order. Then, 
if @(m) is the number of integers less than and prime to m, 
the cyclical sub-group {P} contains ¢ (m) operations of order m, 
and each of these belongs to the set A. If these do not exhaust 
the set, let P’ of order m’ be another operation belonging to it. 
Then no one of the ¢@(m’) operations of order m’, contained in 
the cyclical sub-group {P’}, can be identical with any of the 
preceding set of @(m) operations, since P’ itself is not con- 
tained in that set; at the same time, the new set of $(m’) 
operations all belong to A. This process may be continued till 
the set A is exhausted. Now m,m’,...... are all divisible by p’, 
and therefore ¢(m), }(m’), ...... are all divisible by p*(p—1). 
Hence the number of operations in the set A is a multiple 
aie 


If now n= p*"s, where by supposition s is relatively prime 
to p, it remains to shew that the number of operations in the 
set A is a multiple of s. For this purpose, let P be any 
operation of @ of order p*; and let those operations of G, which 
are permutable with P, form a sub-group H of order p*r. The 
number of operations of H whose orders divide s is the same as 
the number whose orders divide t, where ¢ is the greatest common 
measure of r ands. Now the order of aid is less than JV, and 


{P} 
therefore we may assume that the number of operations of > 
whose orders divide ¢ is a multiple of t, say kt. H therefore 
contains kt operations of the form PT’, where P and 7’ are 
permutable and the order of 7 divides s. Now P is one of 


a set of a conjugate operations in G; and corresponding to 


each of these, there is a similar set of kt operations. More- 
over no two of these operations can be identical ; for we have 
seen (§ 16) that, if m and n are relatively prime, an operation 
of order mn of a group G, can be expressed in only one way 
as the product of two permutable operations of @ of orders m 
and n. 
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The complete set of a kt operations of the form PT belongs 


to A; if A is not thus exhausted, its remaining operations can 
be divided into similar sets. Now J is divisible by both r 
and s, and therefore by their least common multiple Z 


7: 
ohn is divisible by s, and therefore also the number of opera- 


Hence 


tions in the set A is divisible by s. The number of operations 
in A, being divisible both by p*” and by s, is therefore divisible 
by n. Hence finally, the number of operations of G, whose 
orders divide n, is a multiple of n; and the theorem is proved. 


Corollary I. Let NV, be the number of operations of G 
whose orders divide n, and suppose that 
N,,=n. 

Let p be the smallest prime factor of n, and p* the highest 
power of p that divides n, so that | 
n= pen, 
where every prime factor of », is greater than p. If the order 

of G is divisible by a higher power of p than p*, then 
NC 
where k is an integer. Now if the order m of any opera- 
tion divides pn and does not divide n, then m must be a 
multiple of p*t!; and therefore among the operations, whose 
orders divide n, there must be operations whose orders are 
equal to or are multiples of p*. Hence 
BP ce Ps = Ap*-1n,, 
where A< p. 
Now N,¢n, —N,2-1n, 1s the number of operations whose orders 
are factors of n and multiples of p*; and it has been shewn, in 
the proof of the theorem, that this number is a multiple of 
p?(p—1). Hence 
(p—2) ptm = ppt” (p—1). 
Since every prime factor of , is greater than p, this equation 
requires that > should be unity; therefore 


N yt, = ptm. 
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This process may be repeated to shew that, for each value 
of 8 which is not greater than a, we have 


Np*-Fn, = p* Pm, 
‘so that, finally, 
Ny, =m. 


Moreover it is easy to see that the reasoning holds when 
p* is the highest power of p that divides the order of G, provided 
that then the sub-groups of G, of order p*, are cyclical. 


Suppose now that 


where p,, Po, ++... ,Pn are primes in ascending order; and either 
that, for each value of r from 1 to n —1, p,* is not the highest 
power of p, which divides the order of G: or that, if p,* is the 
highest power of p, that divides the order of G, the sub-groups 
of order p,* are cyclical. 


Then we may prove as above, first, that G contains opera- 


Gn-1, 


tions of each of the orders p,™, p,%, ...... , p,”;; and secondly 
that, for each value of r from 2 to n, 


The equation 


implies that @ has a self-conjugate sub-group of order p,%; for 
G has a sub-group of this order, and if G had more than one, it 
would necessarily contain more than p,* operations whose 
orders divide p,". 


Again, since @ contains a self-conjugate sub-group of order p,,*" 
aGn-1 


3» 16 must contain a sub-group of 


and also operations of order p 


Gn-1 


order p’""\ p,,". fit had more than one sub-group of this order, 


an-1 


it would contain more than p°"") p,* 


n 


operations whose orders 


Ga-1 


. . an . 
divide p"")p,". But since 
— man! an 
Nyer tpn = Pai Pa > 
this is impossible. Hence @ contains a single sub-group of 
B. 8 
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On- 
(ome 


same way we shew that, for each order 


order p’""| p,,", Which 1s necessarily self-conjugate. In the 


G contains a single sub-group. 


Finally then, under the conditions stated above, the equa- 
tion 


N,=n 


involves the property that G has a self-conjugate sub-group of 
order n and no other sub-group of the same order. 


Corollary II. If m and n are relatively prime factors of 
the order of G, and if the numbers of operations of G whose 
orders divide m and n respectively are equal to m and ; then 
every operation whose order is a factor of m is permutable with 
every operation whose order is a factor of m, and the number of 
operations of G whose orders divide mn is equal to mn. 


Every operation of G whose order divides mn can be ex- 
pressed as the product of two permutable operations whose 
orders divide m and n respectively; and therefore the number 
of operations whose orders divide mn cannot be greater than 
mn. On the other hand, it follows from the theorem that the 
number of such operations cannot be less than mn; and therefore 
every operation whose order divides m must be permutable 
with every operation whose order divides n. 


Corollary III’. Ifa group of order mn, where m and n are 
relatively prime, contains a self-conjugate sub-group of order n, 
the group contains exactly n operations whose orders divide n. 

If the group G has an operation S whose order divides n, | 
and if S is not contained in the self-conjugate sub-group H of 
order n, {S, H} would be a sub-group of G, whose order is 
greater than n and at the same time contains no factor in 
common with m. This is impossible, and therefore H must 


contain all the operations of G whose orders divide n. 


1 Frobenius, Berliner Sitzwngsberichte, (1895), p. 987. 
2 Frobenius: ‘‘ Ueber endliche Gruppen,’ Berliner Sitzungsberichte (1895), 
p. 170. 
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Corollary IV". If @ has a self-conjugate sub-group H of 
order mn, where m and n are relatively prime, and if H has a 
self-conjugate sub-group K of order n, then K is a self-conjugate 
sub-group of G. 


For by the preceding Corollary, H contains exactly n opera- 
tions whose orders divide n, namely the operations forming the 
sub-group ; and every operation that transforms H into itself 
must interchange these n operations among themselves. Hence 
every operation of G is permutable with K. 


Ex. 1. Shew that if, the conditions of Corollary IT being satis- 
fied, the order of @ is mn, then either G is the direct product of two 
groups of orders m and n, or G contains an Abelian self-conjugate 
sub-group. 


Ex. 2. If p and q are distinct primes, there cannot be more than 
one type of group of order p*g® which contains no operation of order 


PY: 


88. We have seen in § 53 that a group G, whose order is 
the power of a prime, contains a series of self-conjugate sub- 


groups 


H,, H,, ef PA ? es (eae H. G, 
ar ; A’. ; 
such that in y. every operation of Hq. self-conjugate. We - 


shall conclude the present chapter by shewing that any group 
which has such a series of self-conjugate sub-groups is the 
direct product of two or more groups whose orders are powers 
of primes. 

THEOREM VIII. Jf a group G, of order pq®...... ry, where 
Ee , r are distinct primes, has a series of self-conjugate 
sub-groups 

fs Bpay 2 Fee pgs, fa, G, 


Vs ieee 
such that in ie every operation of 7 i ws self-conjugate, then 
r z 


G is the direct product of growps of order p*, gf,...... rae 
Suppose, if possible, that p divides the order of H, and does 
not divide the order of H,. If P is an operation of order p 


1 Frobenius, loc. cit. p. 170. 
8—2 
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contained in H,, {P, H,} is a self-conjugate sub-group of G; 
and every operation conjugate to P is contained in the set PA,. 
But the only operation of this set, whose order is p,is P. Hence 
P must be a self-conjugate operation, contrary to the suppos- 
ition that has been made. Hence if the order of A, is not 
divisible by p, neither is the order of H,. Suppose, next, that 
p* is the highest power of p that divides the orders of both H, 
G 
Hy.’ 
formed of the self-conjugate operations of the latter, is not 


and H,_,. Then the order of the sub-group ee of 


divisible by p; and therefore the order of Bev is not divisible 


H,_, 
by p. Hence p* is the highest power of p that divides the 
order of H,.,,. This reasoning may be repeated to shew that 
p* is the highest power of p that divides the order of each of the 
ERO) Ucn 2 Rertgnae 8 fe propre Hence # must be equal to a; and 
therefore the order of H, must be divisible by each of the 
primes 7p, q,....+. Beas 


Suppose now that, for each prime p which divides the order 
of G, every operation of H,, whose order is a power of », is 
permutable with every operation of G whose order is relatively 
prime to p. Let P be any operation, whose order is a power of 
p, belonging to H,,, and not to H,; and let Q be any operation 
of G whose order is relatively prime to p. If Q is not per- 
mutable with P, then 


Q7PQ = Ph,, 


where h, is some operation of H,. The order of h, must be a 
power of p. For let h,=h,’h,”, where the order of h,’ is a power 
of p and the order of h,” is relatively prime to p. Then, from 
the supposition made with regard to the sub-group H,, the 
operation Ph, is the product of the permutable operations Ph,’ 
and h,”. But, since the order of Ph, is a power of p, this 
is impossible unless h,” is identity. If the order of h, is p?, 
then 


Q-P® PQr® = PhP = P; 


and this equation implies that Q is permutable with P, since — 
p® and the order of Q are relatively prime. Hence if the 
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supposition that has been made holds for H,, it also holds for 
H,4,. But it certainly holds for H,, and therefore it is true for 
G@. Hence every operation of G whose order is a power of p is 
permutable with every operation of G whose order is relatively 
prime to p. The group therefore contains self-conjugate sub- 
groups of each of the orders p*, @,...... , r’; and it follows, from 
the definition of § 31, that @ is the direct product of these 
groups. 

We add here two examples in further illustration of the applica- 
tions of Sylow’s theorem. 


Ex. 1. If p is a prime, greater than 3, shew that the number of 
distinct types of group of order 6p is 6 or 4, according as p is con- 
gruent to 1 or 5, mod. 6. 


Ex. 2. If p is a prime, greater than 5, shew that the number of 
distinct types of group of order 12p is 18, 12, 15 or 10, according 
as p is congruent to 1, 5, 7 or 11, mod. 12. 


CHAPTER VII. 


ON THE COMPOSITION-SERIES OF A GROUP. 


89. Let G, be a maximum self-conjugate sub-group (§ 27) 
of a given group G, G, a maximum self-conjugate sub-group of 
G,, and so on. Since G is a group of finite order, we must, after 
a finite number of sub-groups, arrive in this way at a sub-group 
Gn, whose only self-conjugate sub-group is that formed of the 
identical operation alone, so that G,_, is a simple group. 


Definitions. ‘The series of groups 
GC Gi Ga eee ale 


obtained in the manner just described is called a composition- 
serves of G. 


The set of groups 


yy Egg 6670-026 ean 
os “ 2 Gia ; 


is called a set of factor-qroups of G, and the orders of these 
groups are said to form a set of composition-factors of G. 


Each of the set of factor-groups is necessarily (§ 30) a 
simple group. 

The set of groups forming a composition-series of G is not, 
in general, unique. Thus G may have more than one maximum 
self-conjugate sub-group, in which case the second term in the 
series may be taken different from G,. Moreover the groups 
succeeding G, are not all necessarily self-conjugate in G; and 
when some of them are not so, we obtain a new composition- 
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series on transforming the whole set by a suitably chosen 
operation of G. That the new set thus obtained is again a 
composition-series is obvious; for if ,,, is a maximum self- 
conjugate sub-group of G,, so also is S7G,,,S of S7G,S. We 
proceed to prove that, if a group has two different composition- 
series, the number of terms in them is the same and the 
factor-groups derived from them are identical except as regards 
the sequence in which they occur. 

This result, which is of great importance in the subsequent 
theory, is due to Herr Holder’; and the proof we here give does 
not differ materially from his. 

The less general result, that, however the composition-series 
may be chosen, the composition-factors are always the same 
except as regards their sequence, had been proved by M. Jordan’ 
some years before the date of Herr Hélder’s memoir. 


90. THEOREM I. If H is any self-conjugate sub-group of a 
group G; and if K, K’ are two self-conjugate sub-groups of G con- 
tained in H, such that there is no self-conjugate sub-group of G 
contained in H and containing either K or K’ eacept H, K and 
K’ themselves; and if L is the greatest common sub-group of K 
and K’, so that L ws necessarily self-conjugate in G; then the 


/ 


H K : : 
groups 7 and a simply isomorphic, as also are the groups 


R’ and 7 

Since K and K’ are self-conjugate sub-groups of G contained 
in H, {K, K’} must also be a self-conjugate sub-group of G 
contained in H; and since, by supposition, there is in H no self- 
conjugate sub-group of @ other than H itself, which contains 
either K or K’, {K, K’} must coincide with H. Hence (§ 33) 
the product of the orders of K and K’ is equal to the product 
of the orders of H and L. 


If the order of = is m, the operations of K may be divided 


into the m sets 
Ts Bele fy. See 


1 “ Zuriickfiihrung einer beliebigen algebraischen Gleichung auf eine Kette 
von Gleichungen,” Math. Ann. xxxtv, (1889), p. 33. 
2 «'Traité des substitutions,” (1870), p. 42. 
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such that any operation of one set multiplied by any operation 
of a second gives some operation of a definite third set, and the 


group s is defined by the laws according to which the sets 


combine. 
Consider now the m sets of operations 
Gres Goa. Gaeoaye Ryser’ Gf 


No two operations of any one set can be identical. If 
operations from two different sets are the same, say 


Syke’ = Sake’, 
where k,’ and k,' are operations of K’, then 
So Sp =i ky, 
some operation of AK’. But S,“S, is an operation of K ; hence, 
as it belongs both to & and K’, it must belong to L, so that 
Sp = Sol, 
where / is some operation of Z. This however contradicts the 


supposition that the operations S,/ and S,L are all distinct. It 
follows that the operations of the above m sets are all distinct. 


Now they all belong to the group H; and their number, 
being the order of AK’ multiplied by the order of g is equal to 


the order of H. Hence in respect of the self-conjugate sub- 
group K’, which H contains, the operations of the group H can 
be divided into the sets 


USM See | Sm; 


and the group = is defined by the laws according to which 


these sets combine. But if 


S,L.S,L =8,L, 
then necessarily 


RK OS ee ake 


Hence the groups = and = are simply isomorphic. In pre- 


cisely the same way it is shewn that Sad a are simply 


Kk L 


/ 


isomorphic. 
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Corollary. If H coincides with G, K and K’ are maximum 
self-conjugate sub-groups of G. Hence if K and K’ are maximum 
self-conjugate sub-groups of G, and if LZ is the greatest group 


/ 


G K ; 
common to K and K’, then = and —- are simply isomorphic; as 


K L 
(Gk 
also are 7, and |. 
Now “ and are simple groups; and therefore, . and 7 


being simple groups, Z must be a maximum self-conjugate 


sub-group of both K and kK’. 


91. We may now at once proceed to prove by a process of 
induction the properties of the composition-series of a group 
stated at the end of § 89. Let us suppose that, for groups 
whose orders do not exceed a given number n, it is already 
known that any two composition-series contain the same 
number of groups and that the factor-groups defined by them 
are the same except as regards their sequence. If G, a group 
whose order does not exceed 2n, has more than one composition- 
series, let two such series be 


Oe eee g  epapaee Be 
and GG; Gy aca mn 
If H is the greatest common sub-group of G, and Gi’, and if 
Mob 2. as | 


is a composition-series of H, then, by the Corollary in the 
preceding paragraph, 

GG), Bo 4, 
and GiGi ted, os a 
are two composition-series of G which contain the same number 
of terms and give the same factor-groups. For it has there 


/ 


been shewn that “ and i are simply isomorphic; as also are 
1 
G 


Ge and a Now the order of G,, being a factor of the order of 
1 


G, cannot exceed n. Hence the two composition-series 
G. G., eeeeee > ye 
and oad « ey SRS A 
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by supposition contain the same number of groups and give the 
same factor-groups; and the same is true of the two composition- 
series 


and | Gee ne 


Hence finally, the two original series are seen, by comparing 
them with the two new series that have been formed, to have 
the same number of groups and to lead to the same factor- 
groups. The property therefore, if true for groups whose order 
does not exceed n, is true also for groups whose order does not 
exceed 2n. Now the simplest group, which has more than one 
composition-series, is that defined by 


Ae oe. 


For this group there are three distinct composition-series, viz. 


pd sj pee WM ee) | 
(A, B}, (By, 1; 
and 2 Wee 34 rea a os es Ee 


and for these the theorem is obviously true. It is therefore 
true generally. Hence :— 


THEOREM II. Any two composition-series of a group consist 
of the same number of sub-groups, and lead to two sets of factor- 
groups which, except as regards the sequence in which they occur, 
are wdentical with each other. 


The definite set of simple groups, which we thus arrive at 
from whatever composition-series we may start, are essential 
constituents of the group: the group is said to be compounded 
from them. The reader must not, however, conclude either that 
the group is defined by its set of factor-groups, or that 1t necess- 
arily contains a sub-group simply isomorphic with any given — 
one of them. 


92. It has been already pointed out that the groups in a 
composition-series of G are not necessarily, all of them, self- 
conjugate groups of G. 

Suppose now that a series of groups 


Cee « ee = Mae Be Pe | 
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are chosen so that each one is a self-conjugate sub-group of G, 
while there is no self-conjugate sub-group of G contained in any 
one group of the series and containing the next group. 


Definition. The series of groups, obtained in the manner 
just described, is called a chief composition-series, or a chief- 
serves of G. 


It should be noticed that such a series is not necessarily 
obtained by dropping out from a composition-series those of its 
groups which are not self-conjugate in the original group. 
Thus it follows immediately, from the results of § 54, that the 
composition-series of a group whose order is the power of a 
prime can be chosen, either (i) so that every group of the series 
is a self-conjugate sub-group, or (ii) so as to contain any given 
sub-group, self-conjugate or not. 


A chief composition-series of a group is not necessarily 
unique; and when a group has more than one, the following 
theorem, exactly analogous to Theorem II, holds :— 


THEOREM III. Any two chief-composition-series of a group 
consist of the same number of terms and lead to two sets of 
factor-groups, which, except as regards the sequence in which they 
occur, are identical with each other. 


The formal proof of this theorem would be a mere repetition 
of the proof of § 91, Theorem I itself being used to start from 
instead of its Corollary ; it is therefore omitted. 


Although it is not always possible to, pass from a composition- 
series to a chief-series, the process of forming a composition- 
series on the basis of a given chief-series can always be carried 
out. Thus if, in a chief-series, H,,, is not a maximum self- 
conjugate sub-group of H,, the latter group must have a 
maximum self-conjugate sub-group G,,, which contains H,,,. 
If H,,, is not a maximum self-conjugate sub-group of G,.,, then 
such a group, G,,., may be found still containing H,,,; and this 
process may be continued till we arrive at a group G,..4, of 
which H,.,, is a maximum self-conjugate sub-group. A similar 
process may be carried out for each pair of consecutive terms 
in the chief-series; the resulting series so obtained is a com- 
position-series of the original group. 
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: 
A+; 
not necessarily simple groups. If between H, and H,., no 
groups of a corresponding composition-series occur, the group 


93. The factor-groups 


arising from a chief-series are 


“is simple; but when there are such intermediate groups, 
Az a 


H “ cannot be simple. We proceed to discuss the nature of 
Ti 
this group in the latter case. 

Let G be multiply isomorphic with G’, so that the self- 
conjugate sub-group H,,, of G@ corresponds to the identical 
operation of G’. Also let 


fs Aas a Peay PL a ae eo peal 
be the sub-groups of G’ which correspond to the sub-groups 
ir, ee os as Eg 6 ere pees Popa or 


of G. Since H, contains H,,,, Hy’ must contain H’,,,; and 
since H,,,, is self-conjugate in G, H’,,, is self-conjugate in G’. 
Also if G’ had a self-conjugate sub-group contained in H,’ and 
containing H’,,,, G would have a self-conjugate sub-group 
contained in H, and containing H,,,. This is not the case, 
and therefore 


Goh... pes 5 Piet | 
is a chief-series of G’. Hence H "is simply isomorphic with 
ri 
H,’, the last group but one in the chief-series of G’. 


Definition. If I is a self-conjugate sub-group of G, and 
if G has no self-conjugate sub-group, contained in I’, whose 
order is less than that of I’, then T is called a minimum self- 
conjugate sub-group of G. 


Making use of the phrase thus defined, the discussion of the 


“. of a chief-series is the same as that of the 
A, 


minimum self-conjugate sub-groups of a given group. 


factor-groups 


94. To simplify the notation as much as possible, let I be 
a minimum self-conjugate sub-group of G; and, if J is not a 
simple group, suppose that in a composition-series of G the 
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term following I is g,. Since g, cannot be self-conjugate in G, 
it must be one of a set of conjugate sub-groups 


Oi, Gas cess: + On (a). 
Now, if g,= S“g,S, then as hi is a maximum self-conjugate 
sub-group of 7, S7g,S or g, is a maximum self-conjugate 
sub-group of S“ZS or J; and hence every one of the above set 
of conjugate sub-groups . a maximum self-conjugate sub-group 
of J. If g,s, represents the greatest sub-group common to g, and 
gs, then, by Theorem I of the present chapter (§ 90), 


Hires ph Oi, Ouspieseus: 
vac phe Ore Oink vases 
are composition-series of G. Hence D ig simply isomorphic 
1” 
eae § I STS Sd un 
with ae Now Pi and Sq.52 ar are simply isomorphic ; 
therefore 2 and - are simply isomorphic. Similarly we may 
r 1 
shew that, whatever 7 and s may be, we and 7 are simply 
rs 1 


isomorphic. 


If g, and g, are the same group, whatever 7 and s 
may be, this group is common to the whole set of conjugate 
groups (a). If these groups have any common sub-group, 
except identity, it is (Theorem V, § 27) a self-conjugate sub- 
group of G, and this self-conjugate sub-group would be con- 
tained in J, contrary to supposition. Hence if g,, and g,, are 
the same group, for all values of 7 and s, this group consists of 
the identical operation alone, and a composition-series is 


HOE od, Gus 


If g,, and g,, are distinct and if g,,. is their greatest common 
sub-group, then 


acon phy Gis wt Dale ties 
eS 5 Ae Gis Cees Dns Foss 
are two composition-series, and Ir ig simply isomorphic with ‘ 


dirs di 
for all values of r and s. 
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This reasoning may be repeated. If g,,, and g,¢ are the 
same group whatever s and ¢ may be, they must each be the 
identical operation. If not, g,s¢ is another term of the composi- 
tion-series, and 728 is simply isomorphic with f 

Jirst n 

Hence however the composition-series from Z onwards be 
constructed, the corresponding factor-groups are all simply 
isomorphic with each other. Moreover every group after J in 
the composition-series is self-conjugate in J. For g, and g, 
being self-conjugate sub-groups of J, so also is their greatest 
common sub-group g,,; and g;,, gis being self-conjugate sub- 
groups of J, gs is also self-conjugate; and so on. Let the 
composition-series thus arrived at be now written 


eevee 5) qT: Y1> VYe2> eeceeey Vos 
ve : 
where, as has been proved, 7 : = rr ,Ys—1 are Simply isomorphic. 
ries f 


The final group y;_, must be one of a conjugate set of, say, 
vy groups in G, no one of which has any operation except 
identity in common with any other. Since each of these pv 
groups is self-conjugate in J, and since no two of them have a 
common operation except identity, it follows by Theorem IX, 
§ 34, that every operation of any one of them is permutable 
with every operation of the remaining y—1. The group gen- 
erated by the v groups conjugate to ys_,, being self-conjugate in 
G and contained in J, must coincide with J. Now, if ys, and 
y’,-. are any two of this set of v groups, {ys4, ys} 1s their 
direct product, and it is a self-conjugate sub-group of J. If 
s>2, {y's1, ys} does not coincide with J; and therefore there 
must be another sub-group y*;,, of the set to which y;_, 
belongs, which is not contained in {y',4, y’s.}. Since both 
the latter group and y%,_, are self-conjugate in J, while °,_, 
is a simple group, no operation of y*,;, except identity can be 
contained in {ry's_,, ys}. Hence y's, ys and y’*s_, are inde- 
pendent, ie. no operation of one of these groups can be ex- 
pressed in terms of operations of the other two. The group 
{y's4, Y's Y's} is the direct product of yy4, y%41 and 4, 
and it is self-conjugate in J. If s>38, the same reasoning 
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may be repeated. Finally, from the set of v groups conjugate 
to ys-,,1t must be possible to choose s independent groups 


Y's Varayeeeees » Y's) 
such that no operation of any one of them can be expressed in 
terms of the operations of the remaining s—1; and J will then 
be the direct product of these s groups. Hence :— 


THEOREM IV. Jf between two consecutive terms H, and H,.,, 
in the chief-composition-series of a group there occur the groups 


Ones Onn ie , Gs. of a composition-series ; then (i) the factor 
groups 

pe r G,., 1 G s—1 

G,.1 Gy 2 i vs Ge 


are all simply isomorphic, and (ii) ad is the direct product of 
r+ 


s groups of the type = 
7,1 


Corollary. If the order of — is a power, p*, of a prime, 
ea 


r 


= must be an Abelian group of type (1, 1,...... to s units). 
r+ 


95. A chief-series of a group @ can always be constructed 
which shall contain among its terms any given self-conjugate 
sub-group of G. For if I’ is a self-conjugate sub-group of G, 


and if . is simple, we may take I" for the group which follows 


G in the chief-series. If on the other hand 2 is not simple, it 


must contain a minimum self-conjugate sub-group. Then T,, 
the corresponding self-conjugate sub-group of G, contains I’; 
and if there were a self-conjugate sub-group of G contained in 


I’, and containing I’, the self-conjugate sub-group of which 


corresponds to I’,, would not be a minimum self-conjugate sub- 
group. We may now repeat the same process with [,, and so 
on; the sub-groups thus introduced will, with G@ and I, 
clearly form the part of a chief-series extending from @ to I. 
The series may be continued from I, till we arrive at the 
identical operation, in the usual way. 
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96. It will perhaps assist the reader if we illustrate the fore- 
going theory by one or two simple examples. We take first a group 
of order 12, defined by the relations 7 


7 lees Pees stances Gece. Wit es 9. 
Hl oe Ane, ho ba Ae. 
From the last two equations, it follows that 
R-ABR= A, 


and therefore R transforms the sub-group {A4, B} of order 4 into 
itself ; so that this sub-group is self-conjugate, and the order of the 
group is 12 as stated. The self-conjugate sub-group {A, B} thus 
determined is clearly a maximum self-conjugate sub-group. Also it is 
the only one. For if there were another its order would be 6, and 
it would contain all the operations of order 3 in the group. Now 
since {#} is only permutable with its own operations, the group 
contains 4 sub-groups of order 3, and therefore there can be no 
self-conjugate sub-group of order 6. The three cyclical sub-groups 
{A}, {5} and {AB} of order 2 are transformed into each other by &, 
and therefore no one of them is self-conjugate. 


Hence the only chief-series is 
Vi As ah AA teks 
and there are three composition-series, viz. 
{R, A, B}, {A, Bj, {A}, 1; 
{R, A, B}, {A, By, {B}, 1; 
and (hy Ap hy Kae, AD, ks 


The orders of the factor-groups in the chief-series are 3 and 2°, 
and the group of order 2? is, as it should be, an Abelian group whose 
operations are all of order 2. The composition-factors are 3, 2, 2 in 
the order written. 


97. Asa rather less simple instance, we will now take a group 
generated by four permutable independent operations A, B, P, Q, of 
orders 2, 2, 3, 3 respectively and an operation # of order 3, for 
which 


R7AR=B, R“BR=AB, R“PR=P, R-QR=QPt. 


The sub-group {A, B, P, Q}, of order 36, is clearly a maximum 
self-conjugate sub-group, and therefore the order of the group is 108. 
Since A, B and AB are conjugate operations, every self-conjugate 
sub-group that contains A must contain B; and since Y and QP are 


* The reader will notice that B can be eliminated from these relations, and 
that the group can be defined by A4?=1, R?=1, (AR)?=1. The structure of the 
group however is given, at a glance, by the equations in the text. 

+ Here again the group can clearly be defined in terms of A, Q and R, 


98] OF COMPOSITION SERIES 129 


conjugate, every self-conjugate sub-group that contains Q must 
contain P. Hence the only other possible maximum self-conjugate 


sub-groups are those of the form {4, B, P, RQ*|; and since 
QURONE = ROP, 

these groups actually are self-conjugate. The same reasoning shews 

that the only maximum self-conjugate sub-group of {A, B, P, Y} or 

of {A, B, P, RQ*!, which is self-conjugate in the original group, is 

‘A, B, P|}; and the only maximum self-conjugate sub-groups of the 


latter, which are self-conjugate in the original group, are {A, B} and 
{P\. Hence all the chief-series of the group are given by 


{A, B, P, Q}, tA, Bi, 
th AS Ba Oh, or ja, Db, F or L: 
44,8, PL AO}, {Ph 


Since {A, B, P, Q} is an Abelian group, all of its sub-groups are 
self-conjugate. Hence if G,, G, and G, are any maximum sub-groups 
of {A, B, P, Q', G, and G, respectively, then 

{R, A, Bb, if) QV}, {A, Bb, | ag }, G. Gc. C's; 1 
is a composition-series. 

Again, since A and B are conjugate in {A, B, P, RQY*}, the only 
maximum self-conjugate sub-groups of this group are those of the 
form }A, B, P®(RQ"*)"'. If y is zero, this sub-group is Abelian ; and 
we may take for the next term in the composition series any 


maximum sub-group g, of this Abelian sub-group, and for the last 
term but one any sub-group y, of g,. But if y is not zero, 


‘A, B, P*(RQ*)Y’} can only be followed by {A, B}. Hence the 


remaining composition-series are of the forms :— 
{R, A Bb, yr, Q, \A, Bi, ya RO", {A, b, dag Jos Js; 1, 
and 
(R, A, B, P,Q}, (4, BP, ROM}, 4, B, P* (RO), 
1A, BS, $A} Ort Bt or (As 
It should be noticed that if, in the last of these series, we drop out 
the terms which are not self-conjugate in the original group, here 


the third and fifth terms, we do not arrive at a chief-series. This 
illustrates a remark made in § 92. 


98. THrorEM V. Jf H is a sub-group of G, each com- 
position-factor of H must be equal to or be a factor of some 
composition-factor of G. 

If @ is simple, its only composition-factor is equal to its 
order: the theorem in this case is obvious. 

B. 9 
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If G is not simple, let G,,, be the first term in a com- 
position-series of G which does not contain H; and let G, be 
the term preceding G,.,. If H, is the greatest common sub- 
group of G,,, and H, then H, 1s a self-conjugate sub-group 
of H. For every operation of H transforms both H and G,., 
into themselves; and therefore every operation of H transforms 
H,, the greatest common sub-group of H and G,,, into itself. 
Now the order of {H, G,4,} is equal to the product of the 
orders of H and G,4, divided by the order of H,; and {H, G,,,} 
is contained in G,. Hence the order of = is equal to or is 


A, 


a factor of the order of a . If then a composition-series of H 
r+1 


be taken, containing the term H,, the orders of the factor- 
groups, formed by those terms of the series terminating with 


H,, are equal to or are factors of the order of as . The same 


Crt 
reasoning may now be used for H, that has been applied to H; 
and the theorem is therefore true. 


Corollary. If all the composition-factors of G are primes, 
so also are the composition-factors of every sub-group of G. 


99. Definition. A group, all whose composition-factors 
are primes, is called a soluble group. 


The Corollary of the last theorem may be stated in the 
form :—if a group is soluble, so also are all its sub-groups. 


A soluble group of order p*q®...... rt, WHETC DP, G, +<s201 Re 
are distinct primes, has a+8+...... + ry composition-factors ; 


a ke eee +r)! 


these are capable of C a7 Lene a distinct arrangements. 


For a specified group the composition-factors may, as we 
have already seen, occur in two or more distinct arrangements ; 
but it is immediately obvious that two groups of the same 
order cannot be of the same type, i.e. simply isomorphic, unless 
the distinct arrangements, of which the composition-factors are 
capable, are the same for both. A first step therefore towards 
the enumeration of all distinct types of soluble groups of a 
given order, will be to classify them according to the distinct 
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arrangements of which the composition-factors are capable ; for 
no two groups belonging to different classes can be of the same 
type. 

The case, in which the composition-factors are capable of all 
possible arrangements, is one which will always occur. Taking 
in this case 8 q’s followed by a p’s for the last a + 8 composition- 
factors, the group contains a sub-group G’ of order ptg’. In 
the composition-series of this group, with the composition- 
factors taken as proposed, there is a sub-group H of order p* 
contained self-conjugately in a sub-group H, of order p*g. This 
sub-group H, is contained self-conjugately in a group H, of 
order p*g?. Hence (Theorem VII, Cor. IV, § 87) H is 
contained self-conjugately in H,. Again, H, is contained self- 
conjugately in a group H, of order p*q’, and therefore again H 
is self-conjugate in H;. Proceeding thus, we shew that H is 
self-conjugate in G@’. It follows that n, the number of 
conjugate sub-groups of order p* contained in the group, is 
not a multiple of g. Now q may be any one of the distinct 
primes other than p that divide the order of the group. Hence 
finally the group contains a self-conjugate sub-group of order 
p*. In the same way we shew that it contains self-conjugate 


sub-groups of orders 4®,...... , ry. The group must therefore 
be the direct product of groups whose orders are p*, g°,...... PS 0! 
Hence :— 


THEOREM VI. A soluble growp, the composition-factors 
of which may be taken in any order, is the direct product of 
groups whose orders are powers of primes. 


100. THEOREM VIL If G is a soluble group of order p*m, 
where p is prime and does not divide m, and if every operation 
of G whose order is a power of p is permutable with every 
operation whose order is relatively prime to p; then G is the 
direct product of two groups of orders p* and m. 


Let H be a sub-group of @ of order p*. This sub-group, 
from the conditions of the theorem, is necessarily self-conjugate. 
Let a chief-series of G be formed which contains H, say 


a. 


bo 
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The order of H’ must be of the form p*g®; and H’ must 
contain a single sub-group h of order g®. This sub-group h is 
self-conjugate in G, since H’ is self-conjugate in G; and h is the 
* only sub-group of order g® contained in H’. 


Consider now the group s . Every operation of this group 


whose order is a power of p is permutable with every operation 
whose order is relatively prime to p. Hence we may repeat 
the same reasoning to shew that . contains a self-conjugate 
sub-group of order rv’, where 7 is a prime distinct from p, but 
possibly the same as g. It follows that @ has a self-conjugate 
sub-group h, of order gfry. We may now repeat the same 
reasoning with - and in this way we must at last reach 
1 

a self-conjugate sub-group of G of order m. Hence, since 
contains self-conjugate sub-groups of orders p* and m, which 
are relatively prime, G must be the direct product of these 
sub-groups. 


It should be noticed that the above reasoning does not 
necessarily hold if G is not soluble; for then the order 
of H’ may be of the form p*u®, where yp, the order of a simple 
group, contains more than one prime factor. In that case it 
would not be necessarily true that H’ contains a group of order 
we, 

101. Though the actual determination of all types of soluble 
groups of a given order more properly forms part of the subject of 
Chapter XI, we will here, as a further illustration of the subject of 


the present Chapter, deal with the problem for groups whose orders 
are of the form p’¢, p and q being distinct primes. 


Every such group must be soluble. In fact, if p> gq, the group 
must contain a self-conjugate sub-group of order p*; and if p <q, there 
must be a self-conjugate sub-group of order q unless p=2, q=3; 
while in this case if there are 4 sub-groups of order 3, there must be 
a self-conjugate sub-group of order 4. These statements all follow 
immediately from Sylow’s theorem. 

The Abelian groups of order p’g may be specified immediately ; 
and therefore in what follows we will assume that the group is not 
Abelian. There are 3 possible arrangements for the composition- 
factors, viz. 


ot Tap a Mae: Se RN <9 We 5 AB oe Sagi! <a 
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If the factors are capable of all three arrangements, the group is 
the direct product of groups of orders p? and q; it is therefore an 
Abelian group. 

If the two arrangements p, p, g and q, p, p are possible, there are 
self-conjugate sub-groups of orders p? and q; the group again is 
Abelian, and all three arrangements are possible. 


There are now five other possibilities, 


I. p, p,q and p, q, p, the only possible arrangements. 


There must be here a sub-group of order pq, containing self- 
conjugate sub-groups of orders p and g and therefore Abelian. Let 
this be generated by operations P and Q, of orders p and qg. Since the 
group has sub-groups of order p*, there must be operations of orders 
p or p*, not contained in the sub-group of order pq, and permutable 
with P. Let & be such an operation, so that R? belongs to the 
sub-group of order pg. & cannot be permutable with Q, as the 
group would be then Abelian ; hence 


ROR =,Q", 
so that R-?QR? = Q™’, 
and a? =1 (mod. q). 


This case can therefore only occur if p is a factor of g—1. There are 
two distinct types, according as # is of order p or of order p*; ie. 
according as the sub-groups of order p? are non-cyclical or cyclical. 
If a and £ are any two distinct primitive roots of the congruence 


a? = 1 (mod. q), 
the relations BOR = 7. 
and RQR= o. 


do not lead to distinct types, since the latter may be reduced to the 
form by replacing & by &*, where 


“=a (mod. q). 
The two types are respectively defined by the relations 
@=1, Pal, Meal, F'OrP=—Q, 
ROPR=P, R'OR=Q; 
and Qi=1, RP=1, R7QR=Q*. 


In each case, a is a primitive root of the congruence a? = 1 (mod. q). 


Il. p,q, p and q, p, p, the only possible arrangements. 

There must be a self-conjugate sub-group of order pg, in which 
the sub-group of order g is not self-conjugate, and a self-conjugate 
sub-group of order p*. The sub-group of order pg must be given by 

Pe=1, Qt =1, G7PQ =P", 


a? = 1 (mod. p) ; 
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so that in this case g must be a factor of p—1. If the sub-group of 
order p? is not cyclical, there must be an operation # of order p, not 
contained in the sub-group of order pg. Any such operation must 
be permutable with P. Moreover since the sub-group of order pq is 
self-conjugate and contains only p sub-groups of order q, the 
sub-group {Q} must be permutable with some operation of order p. 
Hence we may assume that & is permutable with {Q}, and, since 
p>q, with Q. 
We thus obtain a single type defined by 
Ps Ae ate oe, PR= KP, 
Ute tO = Ae OPO = i 


If the sub-group of order p? is cyclical, all the operations, which 
have powers of p for their orders and are not contained in the sub- 
group of order pq, must be of order p. There can therefore be no 
operation of order p, which is permutable with {Q} ; therefore there 
is no corresponding type. 

Sie, Pp, Pp, q, the only possible arrangement. 

There must be a self-conjugate sub-group of order pg, which has 
no self-conjugate sub-group of order p; it is therefore defined by 

P pede Em, Spica Wl Outi aatigl £9 apn 
a? = 1 (mod. q) ; 
so that here p must be a factor of g—1. 


If the sub-groups of order p? are not cyclical, there must be an 
operation #’ of order p, not contained in this sub-group and per- 
mutable with P. Hence 


Bono: 
and if B =a" (mod. q), 
then 2’P-* is an operation of order p, which is not contained in the 
sub-group of order pq and is permutable with QY. It is therefore a 
self-conjugate operation of order p. Hence p, q, p is a possible 


arrangement of the composition-factors, and there is in this case 
no type. 


If the sub-groups of order p’ are cyclical, there must be an opera- 
tion & of order p’, such that 
Sf af 
Hence R3QR = YF, 
where £ is a primitive root of the congruence 
B” =1 (mod. q). 


This case then can only occur when p’ is a factor of g—1; and we 
again have a single type defined by 


R’=1, Q@=1, R7QR=@Q. 
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EY. P; % Pp, the only possible arrangement. 
Here the self-conjugate sub-group of order pg must be given by 
pe=l, Q=1, QQ PQ = P’, 
at=1 (mod. p), 

and g must be a factor of p—1l. As in II, there must be an 
operation 2 of order p, permutable with {Q} and therefore with Q ; 
and since & transforms {P, Q} into itself, it must be permutable 
with P. This however makes the sub-group {P, 2} self-conjugate, 


which requires g, p, p to be a possible arrangement of the composi- 
tion-factors. Hence there is no type corresponding to this case. 


VV. Y, P, p, the only possible arrangement. 


If the sub-group of order p? is cyclical, and is generated by P, 
while @ is an operation of order g, we must have 


Q*PQ oa oi 

where a‘ = 1 (mod. p*). 
Here g must be a factor of p—1; since the congruence has just 
q—1 primitive roots, there is a single type of group. 

If the sub-group of order p? is not cyclical, it can be generated 
by two permutable operations P, and P, of order p. Since a 
sub-group of order g is not self-conjugate, either p or p? must be 
congruent to unity (mod. qg); and therefore g must be a factor of 
either p—1 or p+1. 

Suppose first, that q is a factor of p—1. 


There are p+1 sub-groups of order p. When these are 
transformed by any operation Q of order g, those which are not 
permutable with @ must be interchanged in sets of g. Hence at 
least two of these sub-groups must be permutable with Q, and we 
may take the generating operations of two such sub-groups for P, 
and P,. Therefore 


Q7P,Q=Pi", QP.Q= Re 
Now if either a or 8, say B, were unity, then {Q, P,} would be a 
self-conjugate sub-group and p, g, p would be a possible arrangement 


of the composition-factors. Hence neither a nor £8 can be unity, and 
we may take 


O"P,0=P,, O'PQ=Ff,, 
where a is a primitive root of 
a‘ = 1 (mod. p), 
and x is not zero. 
It remains to determine how many distinct types these equations 


contain. When q= 2, the only possible value of x is unity ; and there 
is a single type. When q is an odd prime, and we take 


W=C4 Pi=P,, P,=P,, wxy=1 (mod. gq), 
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the equations become 
/— 'f) /a U / U ra! 
QUPV=aP, UPIV=P.", 
and therefore the values « and y of the index of a, where 
«xy = 1 (mod. q), 
give the same type. Now the only way, in which the two equations 
can be altered into two equations of the same form, is by replacing 
@ by some other operation of the group whose order is g and by 
either interchanging P, and P, or leaving each of them unchanged. 
Moreover the other operations of the group whose orders are g are 
those of the form Q’P,;"P,", where / is not zero, and this operation 
transforms P, and P, in the same way as Q'. Hence finally, the 
values « and y of the index will only give groups of the same type 
when 
avy = 1 (mod. g). 
There are therefore } (g +1) distinct types, when q is an odd prime ; 
they are given by the above equations, 
Suppose next, that ¢ is a factor of p+ 1. 


Any operation Q, of order gq, will transform the sub-groups of 
order p, with which it is not permutable, so as to interchange them 
in sets of g; and hence if it is permutable with any sub-group, it 
must be permutable with qg at least. This, by the last case, is 
clearly impossible, and hence Q is permutable with no sub-group of 
order p. We may therefore, by suitably choosing the generating 
operations of the group of order p”, assume that 


Wea ONES Siete at) si chs 
Tf now Q-*-1P Qttl = PLP Pe, 
then On4,= 282, Beri = % + BB, (mod. p), 
and therefore Box1— BBe—%Bx-1 = 0 (mod. p). 
Hence if 1, and v, are the roots of the congruence 
?—Bi-a= 0 (mod. P)s 


xe+1 “etl 
ea | 


then B, = - 


— 4 
Now since Q¢ is the lowest power of Q that is permutable with 


P,, B,-. must be the first term of the series B,, B,, ... which vanishes, 
Hence g is the least value of z for which 


z z 
ig =, 
and therefore the congruence 


v— Br-a=0 
is irreducible. Moreover a,_, must be congruent to unity, and 


therefore 
q-1 bi Boa 
to — 
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From the quadratic congruence satisfied by 1, it follows that 
a=—VW*1=-1, B=v’+e (mod. p); 
er — Pr) — (“+1 


and thence Gp — SS B= Sar ae 


Finally, we may shew that, when q is a factor of p+1, the 
equations 


Pe=i;, Peal, Cal, FF s= fs 
O'PQ=P,, O7PQ=P Fs 
where « is a primitive root of the congruence 
i’ =1 (mod. p), 
define a single type of group, whatever primitive root of the con- 
gruence is taken for «. 


Thus from the given equations it follows that 
Q-° P,Q = | pee os = P;, say, 
and Q-* Wa Q = ( | ie I Peta tty ( hig I eed gues 


pee | a ih x Y Aa +Bz 


= PAPE. 
If then we take P,, P, and Q” as generating operations in the place 


of P,, P, and Q, the defining relations are reproduced with -” in the 
place of «. The relations therefore define a single type of group’. 


We have, for the sake of brevity, in each case omitted the 
verification that the defining relations actually give a group of 
order p’g. This presents no difficulty, even for the last type; for 
the previous types it is immediately obvious. 


1 On groups whose order is of the form p*q the reader may consult; Hélder, 
**Die Gruppen der Ordnungen p*, pq?, pqr, p*,” Math. Ann. xuim (1893), in 
particular pp. 335—360; and Cole and Glover, ‘‘On groups whose orders are 
products of three prime factors,” Amer. Journal, xv (1893), pp. 202—214. 


CHAPTER VIII. 


ON SUBSTITUTION-GROUPS : TRANSITIVE AND 
' INTRANSITIVE GROUPS. 


102. Iv has been proved, in the theorem in § 20, that every 
group is capable of being represented as a group of substitutions 
performed on a number of symbols equal to the order of the 
group. For applications to Algebra, and in particular to the 
Theory of Equations, the presentation of a group as a group of 
substitutions is of special importance ; and we shall now proceed 
to consider the more important properties of this special mode 
of representing groups’. 


Definition. When a group is represented by means of 
substitutions performed on a finite set of n distinct symbols, 
the integer n is called the degree of the group. 


It is obvious, by a consideration of simple cases, that a 
group can always be represented in different forms as a group 
of substitutions, the number of symbols which are permuted 
in two forms not being necessarily the same; examples have 
already been given in Chapter II. The “degree of a group” 
is therefore only an abbreviation of “the degree of a special 
representation of the group as a substitution-group. ’ 

The n! substitutions, including the identical substitution, 
that can be performed upon n distinct symbols, clearly form a 

1 When it is necessary to call attention directly to the fact that the group 


we are dealing with is supposed to be presented as a group of substitutions, the 
group will be spoken of as a substitution-group. 
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group; for they satisfy the conditions of the definition (§ 12). 
Moreover they form the greatest group of substitutions that can 
be performed on the n symbols, because every possible substitu- 
tion occurs among them. When a group then is spoken of as of 
degree n, it is implicitly being regarded as a sub-group of this 
most general group of order n! which can be represented by 
substitutions of the » symbols; and therefore (Theorem I, 
§ 22) the order of a substitution-group of degree n must be 
a factor of n!. 


103. It has been seen in § 11 that any substitution per- 
formed on n symbols can be represented in various ways as 
the product of transpositions; but that the number of transpo- 
sitions entering in any such representation of the substitution 
is either always even or always odd. In particular, the identical 
substitution can only be represented by an even number of 
transpositions. Hence if S and S’ are any two even (§ 11) 
substitutions of n symbols, and 7’ any substitution at all of n 
symbols, then SS’ and 7ST’ are even substitutions. The 
even substitutions therefore form a self-conjugate sub-group 
H of the group G of all substitutions. 


If now 7’ is any odd substitution, the set of substitutions 
TH are all odd and all distinct. Moreover they give all the 
odd substitutions; for if 7” is any odd substitution distinct 
from 7, then 7J“T’ is an even substitution and must be 
contained in H. Hence the number of even substitutions is 
equal to the number of odd substitutions: and the order of G 
is twice that of H. 


Definitions. The group of order »! which consists of all 
the substitutions that can be performed on n symbols is called 
the symmetric group of degree n. 


The group of order $n! which consists of all the even 


substitutions of n symbols is called the alternating* group of 
degree n. 


* The symmetric group has been so called because the only functions of the 
n symbols which are unaltered by all the substitutions of the group are the 
symmetric functions. 


_ All the substitutions of the alternating group leave the square root of the 
discriminant unaltered (§ 11). 
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If the substitutions of a group of degree n are not all even, 
the preceding reasoning may be repeated to shew that its even 
substitutions form a self-conjugate sub-group whose order is 
half the order of the group; and this sub-group is a sub-group 
of the alternating group of the n symbols. 


104. Definition. A substitution-group is called transitive 
when, by means of its substitutions, a given symbol a, can be 
changed into every other symbol ag, ds, ...... , Gy operated on 
by the group. When it has not this property, the group is 
called intransitive. 

A transitive group contains substitutions changing any one 
symbol into any other. For if S and 7 respectively change a, 
into a; and a, then ST’ changes a, into a. 


THEOREM I. The substitutions of a transitive group G, which 
leave a given symbol a, unchanged, form a sub-group; and the 
number of substitutions, which change a, into any other symbol a,, 
is equal to the order of this sub-group. 

The substitutions which leave a, unchanged must form a 
sub-group H of G; for if S and S’ both leave a, unchanged, so 
also does SS”. 


Let the operations of G be divided into the sets 
fe Rg c Rupa fo IN Ree are fae c fue 

No operation of the set HS, leaves a, unchanged ; and each 
operation of the set HS, changes a, into a,, if S, does so. If 
the operations of any other set HS, also changed a, into a,, then 
S,S,7? would leave a, unchanged and would belong to H, which 
it does not. Hence each set changes a, into a distinct symbol. 
The number of sets must therefore be equal to the number of 
symbols, while from their formation each set contains the same 
number of substitutions. If WV is the order and n the degree 


of the transitive group G, then = is the order of the sub- 
NV 

group that leaves any symbol a, unchanged; and there are z= 

substitutions changing a, into any other given symbol ay. 


Corollary. The order of a transitive group must be 
divisible by its degree. 
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Every group conjugate to H leaves one symbol unchanged. 
For if S changes a, into a,, then SHS leaves a, unchanged. 
The sub-groups which leave the different symbols unchanged 
form therefore a conjugate set. 


A transitive group of degree n and order mn has, as we 
have just seen, m—1 substitutions other than identity which 
leave a given symbol a, unchanged. Hence there must be at 
least mn —1—n(m—1), ie. n—1, substitutions in the group 
that displace every symbol. If the m—1 substitutions, other 
than identity, that leave a, unchanged are all distinct from the 
m—1 that leave a, unchanged, whatever other symbol a, may 
be, n—1 will be the actual number of substitutions that 
displace all the symbols; and no operation other than identity 
will displace less than n—1 symbols. If however the sub- 
groups that leave a, and a, unchanged have other substitutions 
besides identity in common, these substitutions must displace 
less than n—1 symbols; and there will be more than n—1 
substitutions which displace all the symbols. 


Ex. If the substitutions of two transitive groups of degree 2 
which displace all the symbols are the same, the groups can only 
differ in the substitutions that keep just one symbol unchanged. 

(Netto.) 


105. We have seen that every group can be represented as a 
substitution-group whose degree is equal to its order. A reference 
to the proof of this theorem (§ 20) will shew that such a substitution- 
group is transitive, and that the identical substitution is the only 
one which leaves any symbol unchanged. 


We will now consider some of the properties of a transitive 
group of degree n, whose operations, except identity, displace all or 
all but one of the 2 symbols. It has just been seen that such a group 
has exactly 2-1 operations which displace all the m symbols. 
If these n — 1 operations, with identity, form a sub-group, the sub- 
group must clearly be self-conjugate. 


Suppose now that nm is the order of the group. Then the order of 
the sub-group, that leaves one symbol a, unchanged, is m; and if a, 
is any other of the n symbols, no two operations of this sub-group 
can change a, into the same symbol. For if S, S’ were two opera- 
tions of the sub-group both changing a, into a,, then SS’-! would be 
an operation, distinct from identity, which would keep both a, and 
a, unchanged. Let now P be any operation that displaces all the 
symbols. Then the set of m operations S~'PS, where for S is put in 
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turn each operation of the sub-group that keeps a, unchanged, are all 
distinct ; for each of them changes a, into a different symbol. If this 
set does not exhaust the operation conjugate to P, and if P, is another 
such operation, then the set of m operations S~’P,S are all distinct 
from each other and from those of the previous set. This process 
may be continued till the operations conjugate to P are exhausted. 
The number of operations conjugate to P is therefore a multiple 
of m. Since P itself does not belong to any one of the n conjugate 
sub-groups that each keep one symbol fixed, no operation conjugate 
to P can belong to any of them. Hence each of the km operations 
of the conjugate set to which P belongs displaces all the symbols. 
The 2-1 operations that displace all the symbols can therefore be 
divided into sets, so that the number in each set is a multiple of m; 
and hence m must be a factor of n — 1. 


Suppose now that p is any prime factor of ”, and that p* is the 
highest power of p which divides n. If P is an operation whose 
order is a power of p, and if pS is the order of the greatest sub- 
group # that contains P self-conjugately, then P is one of 
conjugate operations. Now (§ 87) the sub-group / contains ky (kh is i) 
operations whose orders are relatively prime to p; and therefore 
there are ky operations of the form PQ, where Y is permutable with 
P and the order of @ is relatively prime to the order of P. If P’ 
is any operation conjugate to P, there are similarly ky operations of 
the form P’Q’; and (§ 16) no one of these operations can be 
identical with any one of those of the previous set. The group 
therefore will contain Bi distinct operations, which are conjugate 
to the various operations of the set PQ. Moreover since P displaces 
all the symbols, each one of these operations must displace all the 
symbols. 

If then the group has r distinct sets of conjugate operations 
whose orders are powers of p, the number of operations, whose orders 
are divisible by p, is equal to 


S at 
s=1 pr 
Also the number of operations, which displace all the symbols 
and the orders of which are not divisible by », is of the form = —l 


(§ 87). 
Hence finally 
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The greatest possible value of m will correspond to the suppositions 
gull, Amel, &,=1; 
and these give m=pt—1. 


Hence if n= p%g8 ... r’, where p, q, ..., 7 are distinct primes, m 
cannot be greater than the least of the numbers 


wel, f—1,: ..., Fk 


Certain particular cases may be specially noticed. First, a group 
of degree » and order n(n—1), whose operations other than 
identity displace all or all but one of the symbols, can exist only 
when n is the power of a prime’. Groups which satisfy these 
conditions will be discussed in § 112. 


Similarly, a group of degree 7 and order nm, where m is not less 
than ./n, whose operations other than identity displace all or all but 
one of the symbols, can only exist when x is the power of a prime. 


If n is equal to twice an odd number, a transitive group of 
degree n, none of whose operations except identity leave two symbols 
unchanged, must be of order x. 


Lastly we may shew that, if m is even, a group of degree n and 
order nm, none of whose operations except identity leave two symbols 
unchanged, must contain a self-conjugate Abelian sub-group of order 
and degree n. 


A sub-group that keeps one symbol fixed must, if m is even, 
contain an operation of order 2. If it contained r such operations, 
the group would contain nr; and each of these could be expressed 
as the product of $(m-—1) independent transpositions. Now from n 
symbols 4n(n--1) transpositions can be formed. If then r were 
greater than 1, among the operations of order 2 that keep one 
symbol fixed there would be pairs of operations with a common 
transposition ; and the product of two such operations would be an 
operation, distinct from identity, which would keep two symbols at 
least fixed. This is impossible ; therefore + must be unity. Now let 


ASC Ay he. 2 

be the ~ operations of order 2 belonging to the group. Since no 
two of these operations contain a common transposition, 

AAG AeA sas » Ap A Aas , aA: 
are the n—1 operations which displace all the symbols. These 
operations may also be expressed in the form 

7. ey. ea. es. Orion a AA AlAn ae 
and since 

AJA, Appa Aghe 


1 Jordan, ‘‘ Récherches sur les substitutions,” Liouville’s Journal, 2™* sér. 
Vol. xvm (1872), p. 355, 
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the product of any two of these operations is either identity or 
another operation which displaces all the symbols. Hence the n-1 
operations which displace all the symbols, with identity, form a self- 
conjugate sub-group. Now 

Ae Ap An ay a Ag. 
so that A, transforms every operation of this sub-group into its 
inverse. Hence 


AAS ACA, = Alay = Ay Aga, 
i.e. every two operations of this sub-group are permutable, and the 
sub-group is therefore Abelian. 


BOG. ad (0 daa he) gine a ties 105 eeee 


wef Cis Caius seas On 
am AE a 
are any two substitutions of a group, then (§ 10) 
TST = (b, b, erecee b:) (dix i+, cece bj) covceee 


Hence every substitution of the group, which is conjugate 
to S,is also similar to S. It does not necessarily or generally 
follow that two similar substitutions of a group are conjugate. 
That this is true however of the symmetric group is obvious, 
for then the substitution 7’ may be chosen so as to replace the 
n symbols by any permutation of them whatever. 


A self-conjugate substitution of a transitive group of degree 

n must be a regular substitution (§ 9) changing all the n symbols. 
For if it did not change all the n symbols, it would belong to 
one of the sub-groups that keep a symbol unchanged. Hence, 
since it is a self-conjugate substitution, it would belong to each 
sub-group that keeps a symbol unchanged, which is impossible 
unless it is the identical substitution. Again if it were not 
regular, one of its powers would keep two or more symbols 
unchanged, and this cannot be the case sincé every power of a 
self-conjugate substitution must be self-conjugate. On the 
other hand, a self-conjugate sub-group of a transitive group 
need not contain any substitution which displaces all the 
symbols. Thus if 

S = (12) (34), 

T = (135) (246), 
then {S, 7} is a transitive group of degree 6. The only 
substitutions conjugate to S are 


TST = (34)(56) and TST— =(12)(56); 
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and these, with S and identity, form a self-conjugate sub-group 
of order 4, none of whose substitutions displace more than 4 
symbols. The form of a self-conjugate sub-group of a transitive 
group will be considered in greater detail in the next Chapter. 


107. Since a self-conjugate substitution of a transitive ~ 
substitution-group @ of degree n must be a regular substitution 
which displaces all the symbols, the self-conjugate sub-group 
H of G which consists of all its self-conjugate operations must 
have n or some submultiple of » for its order. For if S and S’ 
are two self-conjugate substitutions of G, so also is S748’; and 
therefore S and S’ cannot both change a into b. The order of 
H therefore cannot exceed n; and if the order is n’, the 
substitutions of H must interchange the n symbols in sets of n’, — 
so that n’ is a factor of n. Let now S, some substitution 
performed on the n symbols of the transitive substitution-group 
G of degree n, be permutable with every substitution of 
@. Then S is a self-conjugate operation of the transitive 
substitution-group {S, G@} of degree n, and it is therefore a 
regular substitution in all the n symbols. The totality of the 
substitutions S, which are permutable with every substitution 
of G, form a group (not necessarily Abelian); and the order of 
this group is 7 or a factor of n. 

The special case, in which G is a group whose order n is 
equal to its degree, is of sufficient importance to merit par- 
ticular attention. If 

Bj) a 
are the operations of G, it has been seen (§ 20) that the 
substitution-group can be expressed as consisting of the n 
substitutions 
Si Se aon 
(s, fs So 3 Me Pea Fe Sate 
performed upon the symbols of the operations of the group. 


), (w=1,2 


“ 
. 
. 
. 
. 
. 
. 

- 
~ 
~ 

— 

- 


Now if pre-multiplication be used in the place of post- 
multiplication, it may be verified exactly as in § 20 that the n 
substitutions 


Se Sr 
~ : : ; ~ a = 1 > ye eevee > r 
Ce he rs eevee ’ S2Sn : (2 8) 
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form a group G’ simply isomorphic with G; and the substitu- 
tion of G’ which is given corresponds to the operation S,— of G. 
Moreover 


ea Nl ees oe ae 
(5.5, ae RAE (sg ne ‘Sas, (ss, ioe a8.) 
So oN ee 
a (ss aa aa) (5.5.8, a cay 
Ory ea rir) Arr aeaaa ra 


so that every operation of G’ is permutable with every opera- 
tion of G, while G and G’ can be expressed as transitive 
substitution-groups in the same n symbols. Hence :— 


THEOREM II. Those substitutions of n symbols which are 
permutable with every substitution of a substitution-group G of 
order n, transitive in the n symbols, form a group G’ of order 
and degree n, simply isomorphic with G *. 

It has, in fact, been seen that there is a substitution-group 
G’ of order and degree n, every one of whose substitutions is 
permutable with every substitution of G; and also that the 
order of any such group cannot exceed n. 


If S, is a self-conjugate substitution of G, the substitutions 


ee eae oer 


are the same. Hence G and G’ have for their greatest common 
sub-group, that which is constituted by the self-conjugate 
substitutions of either; and if n’ is the order of this sub-group, 


the order of {G, G’} is a In particular, if G is Abelian, G and 


G’ coincide; and if @ has no self-conjugate operation except 
identity, {@, G’} is the direct product of G and G’. 


The sub-group of {G, G’} which leaves one symbol, say S,, 
unchanged, is formed of the distinct substitutions of the set 


Ss See tee eS : 
(s.-38,9,, S88, Sy By S_)? AB rem 


* Jordan, Traité des Substitutions (1870), p. 60. 
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When @ has no self-conjugate operation except identity, 
the order of this sub-group is n, and it is simply isomorphic 
with G. In fact, in this case the order of {G, G’}, a transitive 
group of degree n, is n*, and therefore the order of a sub-group 
that keeps one symbol unchanged is n. Again 


Ss Ne rae. © 
tS Rinig ss Ses Peat Ts Pian , Be Se 
( S, r S, bebe , Sh ) 
Sgt bay he tn , oy hae 
i ( Brij ie Sn 
a aia eae rs as Po 
Sa ina oe ee es 5 Se aa 
isis as S,8,, Sy pS SeSyy +--+) Sy ASS, .8,) 
cy S, , S, ecteanes Sn Ne 
z (s-8,18 G,8y, S,S, 7S, Se Sy, eos $,-*8,-18,8,8,) 


thus giving a direct verification that the sub-group is isomorphic 
with the group whose operations are 
Bees are » Sn. 

When G@ contains self-conjugate operations, it will be 
multiply isomorphic with the sub-group K, of {G@, G@’} which 
keeps the symbol S, fixed; and if g is the group constituted by 
the self-conjugate operations of @ (or G’), then K, is simply 


isomorphic with ; 


If K, is not a maximum sub-group of {G, G’}, let J be a 
greater sub-group containing K,. Then J and G’ (or G) must 
contain common substitutions. For every substitution of 
iG, G@’} is of the form 

Bic an ee 5 ee. ); 
(9, .5, fa fis Bi Re oe , ByS8/ ’ 
and if this substitution belongs to J, then 
( Bee ia peda. 


By8,8,5, SySgSe, -..-+ » SySaSs 
ho Aiea fs See en pn hed 
Goes Se oe eae: 
— ( fer ee eas ie. ) 
SS By; Baby Ses -<- >: , 8, 8,8,/ © 


10—2 
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is a substitution of G’ which belongs to J. Moreover, since @’ 
is a self-conjugate sub-group of {G, G’}, the substitutions of (’ 
which belong to J form a self-conjugate sub-group of J: this 
sub-group we will call H’. 


Now every substitution of the group can be represented as 
the product of a substitution of K, by a substitution of G: and 
therefore all the sub-groups conjugate to J will be obtained on 
transforming J by the operations of G. Hence, because every 
substitution of G transforms H’ into itself, H’ is common to 
the complete set of conjugate sub-groups to which J belongs ; 
and H’ is therefore a self-conjugate sub-group of {G, G'}. 
Finally then, K, is a maximum sub-group of {G, G’}, if and only 
if G is a simple group. 


108. Definition. A substitution-group, that contains one 
or more substitutions changing k given symbols q, dy, ..., A 
into any other & symbols, is called k-ply transitive. 

Such a group clearly contains substitutions changing any 
set of k symbols into any other set of &; and the order of the 
sub-group keeping any j(+) symbols unchanged is independent 
of the particular 7 symbols chosen. 

THEOREM III. The order of a k-ply transitive group of 
degree n is n(n—1)...... (n—k+1)m, where m is the order of 
the sub-group that leaves any k symbols unchanged. This 
sub-group is contained self-conjugately in a sub-group of order 
kim. 

If N is the order of the group, the order of the sub-group 


which keeps one symbol fixed is - by Theorem I (§ 104). 


Now this sub-group is a transitive group of degree n —1; and 
therefore the order of the sub-group that keeps two symbols 
unchanged is ty If k>2, this sub-group again is a 
transitive group of degree n —2; and soon. Proceeding thus, 
the order of the sub-group which keeps & symbols unchanged 
is seen to be 


n(n—1)...... (n—k-+1)’ 
which proves the first part of the theorem. 
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bee Os, Gey tcc , @ be the & symbols which are left un- 
changed by a sub-group H of order m. Since the group is 
k-ply transitive, it must contain substitutions of the form 


fe “eee ee Ape ey eeeeee ) 

/ / / / / , 

ies ey, ee ee Ae ee 

where @,', dy,...... , a, are the same k symbols as ay, do, ...... , Uy 


arranged in any other sequence. Also every substitution of this 
form is permutable with H, since it interchanges among them- 
selves the symbols left unchanged by H. Further, if S, and 
S, are any two substitutions of this form, S,~4S, will belong to 
H if, and only if, S, and S, give the same permutation of the 
Symbols G,, Gy, «cs0ss , a Hence finally, since &! distinct 
substitutions can be performed on the k symbols, the order of 
the sub-group that contains H self-conjugately is k!m. 


If m is unity, the identical substitution is the only one that 
keeps any k symbols fixed, and there is just one substitution 
that changes k symbols into any other k. In the same case, the 
group contains substitutions which displace n —k+1 symbols 
only, and there are none, except the identical substitution, 
which displace less. 


If m >1, the group will contain m—1 substitutions besides 
identity, which leave unchanged any k& given symbols, and 
therefore displace n—k symbols at most. 


It follows from § 105 that a k-ply transitive group of degree 
n and order n(n —1)...... (n—k +1) can exist only if n—k+2 
is the power of a prime. For such a group must contain 
sub-groups of order (n—k+2)(n—k+1), which keep k-—2 
symbols unchanged and are doubly transitive in the remaining 
n—k+2. Whenk isn, the group is the symmetric group; and 
when & is n— 2, we shall see (in § 110) that the group is the 
alternating group. If k is less than n—2, M. Jordan’ has 
shewn that, with two exceptions for n=11 and n=12, the 
value of k cannot exceed 3. The actual existence of triply 
transitive groups of order (p"+1)p"(p"—1), for all prime 
values of p, will be established in § 118. 


1 “Récherches sur les substitutions,” Liouville’s Journal, 2™ sér., Vol. xv11 
(1872), pp. 357—363. 
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109. A k-ply transitive group, of degree m and order 
N, is not generally contained in some (k+1)-ply transitive 
group of degree n+1 and order N(n+1). To determine 
whether this is the case for any given group, M. Jordan’ has 
suggested the following tentative process, which for moderate 
values of » is always practicable. 


Let G be a transitive group of order V in the n symbols 


and suppose that @ is that sub-group of the transitive group T 
in the n + 1 symbols 


Cy, Ag, eeeree » An; An+is 


which leaves the symbol a,,,, unchanged. Then TI must be at 
least doubly transitive, and it therefore contains a substitution 
of order 2 which interchanges the two symbols a and dp4,. 
Let A be such a substitution. Then 


= (G, A}; 


for {@, A} is contained in I’, and its order cannot be less than, © 


the order of . Also if S is any substitution of G/two other 
substitutions S’ and S” of G can always be found such that 


aA SA, 


In fact, if ASA changes a, into d,,,, and if S’ changes a, 
into a,, then AS’"ASA leaves a,,, unchanged, and it therefore 


belongs to G. 


Conversely, if A is any operation of order 2 which changes 
a, into d,,, and permutes the remaining a’s among themselves ; 
and if, whatever substitution of G is represented by S yf WO othal 


A 


substitutions of G can be found such that either ASA. 
Ba ‘GC 


ASA =S'A8"; ) 


then {G, A} is a group with the required properties. In fact, 
when these conditions are satisfied, every substitution of the 
group {G, A} can be expressed in one of the two forms 


S,, S,ASs, 


1 Traité des Substitutions (1870), pp. 31, 32. 


“ m AA 
> 


~wo veut 1 \ 
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where S,, S,, S; are substitutions of G. For instance, the 
substitution 
AS, AS, AS, =S,'AS,". 8, A8,, 
= 8,AS8,AS,, if S,"S,=S8,, 


= 8,'S/AS,"S,, 1 
\‘ ec rye out on 
which i is of the poe 1 form. The raed pnp oF ere cS . 
war oO .s € cy . 
- «+ 


Ag 
“” 
Se 


”* Moreover ev oe ‘operation of the form SAS; displaces Onis ¢ 
and therefore the sub-group of {G, A} which leaves aj,, un- » ne 
changed is G. 

It is clearly sufficient that the conditions 

ASA =S’AS” 
should be satisfied, when each of a set of independent generating 
operations of G is taken for WN. 


Ex. Construct a doubly transitive group of degree 12 of which 
the sub-group that keeps one symbol unchanged is 


(123456789ab), (25604) (39687)}. 
110. Let 


S = (a,a,...... 7) eee (coenes Cj_1 Ay) (yyy. 0000. Meg lg se Prey 
be a substitution of a k-ply transitive group displacing s(>k) 
symbols. If 7< k—1, take 

tes Gos a 
yi 1> “> 9 ““k—l» “ko oS 
ton Eero ie On ek ; 
where b, is some other symbol occurring in S. Since the 


group is k-ply transitive, it must contain a substitution such as 
2. Now 


TOS = (0,05..6.., 9 Mae Cae Aj_1 Aj) (Ajyr---0.. Gh. Por ; 
and this is certainly not identical with S, so that 7—STS7> 
cannot be the identical substitution. Moreover a,, dy,...... » Ops 


are not affected by 7—S7'S“; and therefore this substitution 
will displace at most 2s — 2k + 2 symbols. 


If }=k—1, take 


ay, Ag, eeeeee > Ayp-1) Ck teen 


where c, is a symbol that does not occur in S. Then 
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and this cannot coincide with S. Now in this case, a,, a,,.. ... a) ee 
are not affected by 7—1S7'S; and therefore this operation 
will again displace at most 2s — 2k + 2 symbols. 

If then 2s —2k+2<s, 
or s< 2k—2, 
the group must contain a substitution affecting fewer symbols 
than S. This process may be repeated till we arrive at a 
substitution 


pie (0, coesee a) (O54 ree: a;) sncces (G41 ee M,), 
which affects exactly k symbols; and if this substitution be 
transformed by 


eon etn OE iG es econ ) 
7 Bal « Hk eae pe bony heres : 
then 
Lage ad AEM (AY Fare ae Bi) (las ate: My cuee (Ao.. a, 1 Py), 
and pt fees i = (%, By. G41): 


Thus in the case under consideration the group contains 
one, and therefore every, circular substitution of three symbols ; 
and hence (§ 11) it must contain every even substitution. It 
is therefore either the alternating or the symmetric group. . If 
then a k-ply transitive group of degree n does not contain the 
alternating group of nm symbols, no one of its substitutions, 
except identity, must displace fewer than 2k—2 symbols. 
It has been shewn that such a group contains substitutions 
displacing not more than n—k-+1 symbols; and therefore, for 
a k-ply transitive group of degree n, other than the alternating 
or the symmetric group, the inequality 

n—-k+1<¢2k—2, 
or k > dn 2h i; 
must hold. Hence :— 


THEOREM IV. A group of degree n, which does not con- 
tain the alternating group of n symbols, cannot be more than 
(4n + 1)-ply transitive. 

The symmetric group is n-ply transitive ; and, since of the 
two substitutions 

ie gs 4 205s » An—2s An, Aa d & Ag, vovees »An—2, Ana) =) 
0, as. 5 Oi Ona an Ota 5; Ona; Das Ona 
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one is evidently even and the other odd, the alternating group 
is (n—2)-ply transitive. The discussion just given shews that 
no other group of degree n can be more than (4n + 1)-ply 
transitive’. 


111. The process used in the preceding paragraph may be 
applied to shew that, unless n = 4, the alternating group of n 
symbols is simple. It has just been shewn that the alternating 
group is (n — 2)-ply transitive. Therefore, if S is a substitution 
of the alternating group displacing fewer than n —1 symbols, a 
substitution 7-87 can certainly be found such that S7?7—ST 
is a circular substitution of three symbols. In this case, the 
self-conjugate group generated by S and its conjugate substi- 
tutions contains all the circular substitutions of three symbols, 
and therefore it coincides with the alternating group itself. If 
S displaces n—1 symbols, then 7—'S7' can be taken so that 
S“7— ST displaces not more than 2(n—1)—2(n—2)+2, or 
4 symbols; and if S displaces n symbols, S7?7“ST can be found 
to displace not more than 2n — 2 (n — 2) + 2, or 6 symbols. 


It is therefore only necessary to consider the case n = 5, when 
S displaces n — 1 symbols; and the cases n= 4, 5, 6, when S dis- 
places n symbols; in all other cases, the group generated by 
S and its conjugate substitutions must contain circular substi- 
tutions of 3 symbols. 


When n=5, and S is an even substitution displacing 4 
symbols, we may take 


S = (12) (34). 


If T = (12) (35), 
then TST = (12) (45), 
and SATAST = (345). 


Hence, in this case again, we are led to the alternating group 
itself. 


' For a further discussion of the limits of transitivity of a substitution- 
group,; compare, Jordan, Traité des Substitutions, pp. 76—87; and Bochert, 
Math, Ann, xxrx, (1886) pp. 27—49; xxx, (1888) pp. 573—583. 
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When n=6, and S is an even substitution displacing all 
the symbols, we may take 
S = (12) (8456), 


or S’ = (123) (456). 
If now T = (12) (3645), 
then Sel oe — 400), 

and Oy ft Gags). 


and, in either case, we are led to the alternating group. 


When n=5, and S is an even substitution displacing all 
the symbols, we may put 


S = (12345). 
If T =(345), 
then ST S8T = (134); 


and again the alternating group is generated. 


When n= 4, and S is an even substitution displacing all the 
symbols, we may take 
S = (12) (34). 
Here the only two substitutions conjugate to S are clearly 
(13) (24) and (14) (23), which are permutable with each other 
and with S. Hence the alternating group of 4 symbols, which 
is of order 12, has a self-conjugate sub-group of order 4. 


Finally when n=8, the alternating group, being the group 
|(123)}, is a simple cyclical group of order 3. Hence :— 


THEOREM V. The alternating group of n symbols vs a simple 
group except when n= 4. 


112. It has been seen in § 108 that the order of a doubly transi- 
tive group of degree n is equal to or is a multiple of m(n-1). If it 
is equal to this number, every substitution of the group, except 
identity, must displace either all or all but one of the symbols; for 
a sub-group of order 2-1 which keeps one symbol fixed is transi- 
tive in the remaining n —1 symbols, and therefore all its substitutions, 
except identity, displace all the 7 —1 symbols. 


Now it has been shewn in § 105 that a transitive group of degree 
m and order n(n —1), whose operations displace all or all but one of 
the symbols can exist only if m is the power of a prime p. The 
n —1 operations displacing all the symbols are the only operations 
of the group whose orders are powers of p; and therefore with 
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identity they form a self-conjugate sub-group of order n. Moreover 
it also follows from § 105 that the m — 1 operations of this sub-group 
other than identity form a single conjugate set. Hence this sub- 
group must be Abelian, and all] its operations are of order p. 


Suppose first that ” is a prime p, and that P is any operation of 
the group of order p. If a is a primitive root of p, there must be 
an operation S in the group such that 


SO PS = Pes 


then S?-! is the lowest power of S which is permutable with P. 
Now S must belong to a sub-group of order p—1 that keeps one 
symbol fixed, and we have just seen that the order of {,S} is not less 
than p—1. The sub-group of order p—1 is therefore cyclical, and 


g?-* =I. 
Hence the group, if it exists, must be defined by 
Pe =}, Stal, S2rsser. 


It is an immediate result of a theorem, which will be proved in the 
next chapter (§ 123), that this group can be actually represented as 
a transitive substitution-group of degree p ; this may be also verified 
directly as follows. 


Let fa = (a, eee Gy) 
so that Peo = (4404142041 ++ p—1)a+1)s 


where the suffixes are to be reduced (mod. p); and suppose that S 
is a substitution that keeps a, unchanged. Then since 


ad ic. ae ale 


S must change a, into d4;, @ IntO d4,,, and generally, a, into 
Wr—-1)a+1° Hence 
Rs 0 Page ey ee 


and since a is a primitive root of p, there is only a single cycle ; so 
that 


S = (Gig 4 :Beta +++ Bep-F4). 


The substitutions P and S thus constructed actually generate a 
doubly transitive substitution-group of degree p and order p(p-—1). 


Without making a complete investigation of the case in which ~ 
is the power of a prime, we go on to shew that, p being any prime, 
there is always a doubly transitive group of degree p” and order 
p™ (p™ — 1), in which a sub-group of order p™—1 is cyclical’. 


1 On the subject of this and the following paragraph, the reader should 
consult the memoirs by Mathieu, Liouville’s Journal, 2™° Sér., t. v (1860), 
pp. 9—42; ib. t. v1 (1861), pp. 241--323; where the groups here considered were 
tirst shewn to exist. 
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Let 7 be a primitive root of the congruence 
"-1= 1 (mod. p), 
so that the distinct roots of the congruence are 


* ear | 


Every rational function of 2 with real integral coefficients satisfies 
the same congruence; and therefore every such function is con- 
gruent (mod. p) to some power of 7 not exceeding the (p™—1)th. 


Consider now a set of transformations of the form 
a’ = ax + B (mod. p), 


where a is a power of 7, and £ is either a power of 7 or zero. Two 
such transformations, performed successively, give another trans- 
formation of the same form; and since a cannot be zero, the inverse 
of each transformation is another definite transformation ; so that 
the totality of transformations of this form constitute a group. 
Moreover 
I 
ev =ax+ B, 


and a =a'a+ f, enon 2s 


are not the same transformation unless 
a=a’ and B= Pf’ (mod. p). 
Hence, since a can take p”—1 distinct values and £ can take p™ 


distinct values, the order of the group, formed of the totality of 
these transformations, is p”™ (p™”— 1). 


The transformations for which a is unity clearly form a sub- 

group. If S and 7’ represent 
ae =axt+ PB and w=a+y 
respectively, S~'7'S represents 
a = a+ ay. 

Hence the transformations for which a is unity form a self-conjugate 
sub-group whose order is p™. Every two transformations of this 
sub-group are clearly permutable; and the order of each of them 
except identity is p. 

Again, the transformations for which f is zero form a sub-group. 
Since every one of them is a power of the transformation 


‘= 1, 
this sub-group is a cyclical sub-group of order p”™—1. If the trans- 
formation just written be denoted by JZ, then S~'/S is 
a’ =t1x + B(1 21). 
Hence the only operations permutable with {/} are its own operations, 
and therefore {J} is one of p” conjugate sub-groups. 
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The set of transformations 
xv =ax+B 

therefore forms a group of order p”(p™-—1). This group contains a 
self-conjugate Abelian sub-group of order p™ and type (1, 1, ..., 1), 
and p” conjugate cyclical sub-groups of order p”— 1, none of whose 
operations are permutable with any of the operations of the self- 

conjugate sub-group. 
Now if the operation 

3 x =ax+ PB 

be performed on each term of the series 
Ota. 2. ay ess 


it will, since every rational integral function of 7 with real integral 
coefficients is congruent (mod. p) to some power of 7, change the 
term into another of the same series; and since the congruence 


av” + B=ai”+ B 
gives x = y (mod. p”~"), 


no two terms of the series can thus be transformed into the same 
term. Moreover the only operation that leaves every term of the 
series unchanged is clearly the identical operation. 


To each operation of the form 
vw =ax+B 
therefore will correspond a single substitution performed on the p” 
symbols just written, so that to the product of two operations will 
correspond the product of the two homologous substitutions. The 


group is therefore simply isomorphic with a substitution group of 
degree p™. Moreover since the linear congruence 


«= ax + B (mod. p) 


has only a single solution when a is different from unity, and none 
when a is unity, every substitution except identity must displace all 
or all but one of the symbols. The substitution group is therefore 
doubly transitive’. 


Ex. 1. Apply the method just explained to the actual construc- 
tion of a doubly transitive group of degree 8 and order 56. 
Ex. 2. Shew that the equations 
A4=1, S*-=1, ASAS=S-*AS, 
where is such that a primitive root of the congruence, 


2"-! 1 =0 (mod. 2), 


1 The author has shewn (Messenger of Mathematics, Vol. xxv (1896), pp. 
147—153) that the type of group considered in the text is the only type of doubly 
transitive group of degree p™ and order p™(p™—1) when m=3; and that, when 
m=2 and p>3, the same is true. When m=2 and p=3, there is one other type. 
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satisfies the congruence 
i” +74+1=0 (mod. 2), 
suffice to define a group which can be expressed as a doubly transi- 
tive group of degree 2” and order 2” (2™— 1). 
(Messenger of Mathematics, Vol. xxv, p. 189.) 


113. <A slight extension of the method of the preceding para- 
graph will enable us to shew that, for every prime p, it is possible to 
construct a triply transitive group of degree p”™+1 and order 
(p™+1)p™(p™—1). The analysis of this group will form the 
subject of investigation in Chapter XIV ; here we shall only demon- 
strate its existence. 


In the place of the operations of the last paragraph, we now 
consider those of the form 
_ ax B 


aa 
ae 5 (mod. 7), 


, 


where again a, 8, y, 6 are powers of 7, limited now by the condition 
that ad — By is not congruent to zero (mod. p). When this relation 
is satisfied, the set of operations again clearly form a group. More- 
qe 
7 


group, when carried out on the set of quantities 


over if we represent ~ by o for all values of x, any operation of this 


: “9 “hy 
Ca Os tag We ok Aaa 


will change each of them into another of the set; while no operation 
except identity will leave each symbol of the set unchanged. Hence 
the group can be represented as a substitution group of degree 
py +1. 


Now 


af iY eit 


b’ 


ae — oh 4% ee — 0 ee — a4 


is an operation of the above form, which changes the three symbols 
a, 2°, 2 into 2”, v”, 7 respectively; and it is easy to modify this form 
so that it holds when 0 or » occurs in the place of 2%, etc. Hence 
the substitution group is triply transitive, since it contains an 
operation transforming any three of the p”™+1 symbols into any 
other three. 


On the other hand, if the typical operation keeps the symbol x 
unchanged, then 
yx? + (8 — a) x — B=0 (mod. p), 
and this congruence cannot have more than two roots among the 
set of p™+1 symbols. Hence no substitution of the group, except 
identity, keeps more than two symbols fixed. 
Finally then, since the group is triply transitive and since it 


contains no operation, except identity, that keeps more than two 
symbols fixed, its order must (§ 108) be (p™+ 1) p™(p”— 1). 
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114. An intransitive substitution group, as defined in § 104, 
is one which does not contain substitutions changing a, into 


each of the other symbols dz, ds, ...... , dy, operated on by the 
group. Let us suppose that the substitutions of such a group 
change a, into dy, G3, «+... , a, only. Then all the substitutions 


of the group must interchange these k symbols among them- 
selves; for if the group contained a substitution changing a, 
into az,,, then the product of any substitution changing a, into 
a, by this latter substitution would change a, into a,,,. Hence 
the n symbols operated on by the group can be divided into a 
number of sets, such that the substitutions of the group change 
the symbols of any one set transitively among themselves, but 
do not interchange the symbols of two distinct sets. It follows 
immediately that the order of the group must be a common 
multiple of the numbers of symbols in the different sets. 


Suppose now that a,, dy, ...... , a, 18 a set of symbols which 
are interchanged transitively by all the substitutions of a group 
G of degree n. If for a time we neglect the effect of the 
substitutions of G on the remaining n—k symbols, the group 
G will reduce to a transitive group H of degree k. The group 
G is isomorphic with the group H; for if we take as the substi- 
tutions of G, that correspond to a given substitution of H, those 
which produce the same permutation of the symbols a, dg,...... , A, 
as that produced by the substitution of H, then to the product 
of any two substitutions of G will correspond the product of 
the corresponding two substitutions of H. The isomorphism 
thus shewn to exist may be simple or multiple. In the former 

case, the order of H is the same as that of G@; in the 
~ latter case, the substitutions of @ which correspond to the 
identical substitution of H, i.e. those substitutions of G which 
change none of the symbols a, a, ...... , dy, form a self-conjugate 


sub-group. 


We will consider in particular an intransitive group G 
which interchanges the symbols in two transitive sets; these 
we will refer to as the a’s and the f’s. Let G. and Gz be the 
two groups transitive in the a’s and §’s respectively, to which 
G reduces when we alternately leave out of account the effect 
of the substitutions on the §’s and the a’s. Also let g. and gz 
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be the self-conjugate sub-groups of G, which keep respectively 
all the §’s and all the a’s unchanged; and denote the group 
{Jas Js} by g. This last group g, which is the direct product 
of gq and gg, is self-conjugate in G, since it is generated by the 
two self-conjugate groups g, and gs. Now g, is self-conjugate 
not only in @ but also in G,; for G, permutes the a’s in the 
same way that G does, while any substitution of g,, not 
atfecting the §’s, is necessarily permutable with every sub- 
stitution performed on the #’s. The group G, is simply. 


isomorphic with the group =, and Gg with = hence, using ny 


a 


to denote the order of a group H, 
nqg=n Gog = Ne@g"g,: 


Let the substitutions of G be now divided into sets in respect 
of the self-conjugate sub-group g, so that 


The group : is defined by the laws according to which 


these sets combine among themselves, the sets being such that, 
if any substitution of one set be multiplied by any substitution 
of a second set, the resulting substitution will belong to a 
definite third set. 


If we now neglect the effect of the substitutions on the 
symbols 8, the group G reduces to G, and g reduces to g,, and 
hence 

C= Oe 0a La : 
WEEE Sd oa represent the substitutions S, 77,...... , so far 
as they affect the a’s. Moreover the substitutions in the different 
sets into which G, is thus divided must be all distinct since, 
by the preceding relations between the orders of the groups, 


, ae | Gos: 
their number is just equal to the order of G,. Hence — is 


defined by the laws according to which these sets of substi- 
tutions combine. But if 


Sg.Tg = Ug, 
then necessarily SuJa+ Lada = VJas 
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and therefore, finally, the three groups <, os, and a are simply 
a B 


isomorphic. 


115. The relation of simple isomorphism between and a 
a 1B 
thus arrived at establishes between the groups G, and Gg, an 


isomorphism of the most general kind (§ 32). 
To every operation of G, correspond ny, operations of 
Gz, and to every operation of Gg correspond n, operations 


of G,; so that to the product of any two operations of G, (or Gz) 
there corresponds a definite set of ny, operations of Gg (or ny, 
operations of G,). 


Returning now to the intransitive group G, its genesis from 
the two transitive groups G, and Gg, with which it is isomorphic, 
may be represented as follows. The ny to ny, correspondence, 
such as has just been described, having been established 
between the groups G, and Gz, each substitution of G, is 
multiplied by the ny, substitutions that correspond to it in Gg. 
The set of ng n,, substitutions so obtained form a group, for 

S.Sp.S./Sp =S.8,. SgSp =S.'Sp", 
where, if Sz, S,’ are substitutions corresponding to S,, S,’, then 
S,” is a substitution corresponding to S,”. Moreover, this 
group may be equally well generated by multiplying every one 
of the substitutions of Gg, by the n, corresponding substitutions 
of G,; and by a reference to the representations of G, G,, and Gg, 
as divided into sets of substitutions given above, it is imme- 
diately obvious that all these substitutions occur in G. Hence, 


as their number is equal to the order of G, the group thus 
formed coincides with G. 


116. The general result for any intransitive group, the 
simplest case of which has been considered in the two last 
paragraphs, may be stated in the following form :— 


THEOREM VI. Jf G is an intransitive group of degree n 
which permutes the n symbols in s transitive sets, and if (i) G, ts 
what G becomes when the substitutions of G are performed on 


B. ll 
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the rth set of symbols only, (11) T, 1s what G becomes when the 
substitutions of G are performed on all the sets except the rth, 
(111) g, is that sub-group of G which changes the symbols of the 
rth set only, (iv) yy is that sub-group of G which keeps all the 


symbols of the rth set unchanged: then the groups = and 


a 
are simply tsomorphic, and n,, v, being the orders of gy, yr, an 


n, to vy correspondence is thus established between the substi- 
tutions of the groups G, and I"... Moreover, the substitutions of 
G are given, each once and once only, by multiplying each 
substitution of Gt, by the v, substitutions of T, that correspond to 
at, 

It is not necessary to give an independent proof of this 
theorem, since if, in the discussion of the two preceding para- 
graphs, G., Gs, Jas Jo, g be replaced by G,, Ty, Gr, Yr, {Irs Yr}, it 
will be found each step of the process there carried out may 
be repeated without alteration. 


If we regard G, and G, as two given transitive groups 
in distinct sets of symbols, the determination of all the 
intransitive groups in the combined symbols, which reduce 
to G, or Gg when the symbols of the second or first set 
are neglected, involves a knowledge of the composition of 
the two groups. To each distinct m to n isomorphism, that 
can be established between the two groups, there will corre- 
spond a distinct intransitive group. If G, is a simple group, 
containing therefore only itself and identity self-conjugately, 
then to each substitution of Gg there must correspond either 
one or all of the substitutions of G,; and the former can be 
the case only when 4, contains a self-conjugate sub-group H, 


such that at is simply isomorphic with G,. Hence, if the 


order of Gg is less than twice the order of G,, the only possible 


intransitive group is the direct product of G, and Gg, unless Gg 
is simply isomorphic with G,. 


1 On intransitive groups, reference may be made to Bolza, ‘‘On the 
construction of intransitive groups,” Amer. Journal, Vol. x1, (1889), pp. 195— 
214. The general isomorphism which underlies the construction -of these 
groups is considered by Klein and Fricke, Vorlesungen iiber die Theorie der 
elliptischen Modulfunctionen, Vol. 1, (1890), pp. 402—406. 
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117. In illustration of the preceding paragraphs, we will 
determine the number of distinct intransitive groups of degree 7, 
when the symbols are interchanged in transitive sets of 4 and 3 
respectively. The four symbols will be referred to as the a’s, and 
the three symbols as the f’s. 


If a transitive group of degree 4 contains operations of order 3, 
it must be either the symmetric or the alternating group. If it 
contains no operation of order 3, its order must be either 8 or 4. 
By Sylow’s theorem, the symmetric group of degree 4, being of 
order 24, contains a single set of conjugate sub-groups of order 8, so 
that there is only one type of transitive group of degree 4 and order 
8. This is given by 

S = (1234), 7=(18), 
so that St=1, M=1, TST=S". 


This group contains three self-conjugate sub-groups of order 4, 
namely, 


(i) 1, (1234), (13)(24), (1432) , 
Gi) 1, (12)(34), (18), (14) (23), 
(ii) 1, (18), (18)(24), (34) 

The two latter are simply isomorphic ; but as substitution groups, 
they are of distinct form. Hence for G, in the construction of the 
intransitive group, we may take either G,,, the symmetric group of 
the a’s, or G,., the alternating group of the a’s, or G;, the above 
group of order 8, or finally G,, Gj, G,’, the above three groups of 
order 4. The only transitive groups of 3 symbols are G,, the sym- 


metric group, and G, the alternating group: one of these must be 
taken for Gz. 


a3 i G.= Go. 
The only self-conjugate sub-groups of G., are G, and GJ. 


Also - is a group of order 2; and it may easily be verified 
12 


that a is simply isomorphic with the symmetric group of degree 3. 
4 


Hence (i) if G, is G,, we may take 
Ja= Gu; Ig= G,, so that n,=144, 
Ja = Go, oe G;, ” Ng= 712, 
G.=G,;, Is = 1, ” Ng = 24 ; 
and (ii) if Gg is G;, we must take 
Ja= GC, Ip = Gs, giving m, =72. 
11—2 
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II. G26. 
12 


The only self-conjugate sub-group of G, is G4; and so is a 
cyclical group of order 3. ‘ 
Hence (i) if Gg is G;, we must take 
Ja=Gy, Jg=G, giving ng=72; 
and (ii) if Gg is G;, we may take 
| Ja = GFr2, Ip= Fs, giving ng= 36, 
or Geo I,=1, er (nd oF 
LH. Gi G;. 
The self-conjugate sub-groups of G, of order 4, are determined 
above. 
If (i) Gg is Gs, we may take 
Ja= Gp; I,= G,, giving ng=48, 
Ja = G4; Ig = Gs» ” Ng = 24, 
Ja= C4; Ig = ss ” Ng = 24, 
Ja=G4", G,=G3, 5  Ng= 24. 
The two latter groups are simply isomorphic; but regarded as 
substitution groups, they are of distinct forms. 
If (ii) Gg is G;, we must take 
Ja Gy I= G,, giving ng=24. 
iy. CoG a 
If (i) Gg is Gs, we may take 
Oe Gi; I,= Gz, giving ng= 24, 
or Jc Gs, Ip=Gs 9 MgQ= 12; 
G, representing the group {1, (13) (24)}. 
If (ii) Gg is G;, we must take 
Ja=Gs, J,=Gs, giving ng= 12. 
vi Go-G | 
There are, exactly as in the last case, three possibilities : G,’ taking 


the place of G,. These groups are not however simply isomorphic 
with the preceding three. 


VI. Gan 


There are in this case four possibilities. Of these three corre- 
spond to those of IV, G,” taking the place of G,. The remaining 
one is given by Gg=G%, 9g=Gs, Ja= G2, where G,’ represents the 
group {1, (13)}. Regarded as substitution groups all these are of 
distinct form from the groups of V. 
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There are thus 22 distinct intransitive substitution groups of 
degree 7, in which the symbols are interchanged transitively in two 
sets of 4 and 3 respectively. 


tie. heb t,(r 0, 1, 2..:.... ,n) be the number of substi- 
tutions of a group of degree and order NV which leave exactly 
vr symbols unchanged, so that 
N SE 
r=0 
Suppose first that the group is transitive; and in a sub- 
group, which keeps one symbol unchanged, let vy,’ (r = 1, 


Eee , n) be the number of substitutions that leave exactly r 
symbols unchanged, so that 

N =n ; 

n o r=1 ag 


Each of the m sub-groups, which leave a single symbol 
unchanged, have pv,’ substitutions which leave exactly r symbols 
unchanged ; and each of these substitutions belong to r sub- 
groups which leave one symbol unchanged. Hence 


NVy =TVy, 
7% 
and therefore N= 2 ry; 
r=1 


or the number of unchanged symbols in all the substitutions 
of a transitive group is equal to the order of the group. 


Suppose, next, that the group is intransitive ; and consider a 
set of s symbols among the n, which are permuted transitively 
among themselves by the operations of the group. Let NV, be 
the order of the self-conjugate sub-group H,, which leaves 
unchanged each of this set of s symbols. Then if we consider 
the effect of the substitutions on this set of s symbols only, the 
group reduces to a transitive group of order a with which the 

1 
original group is multiply isomorphic. If S’ is any substitution 
of this group of order eu , and if SH, denote the corresponding JN, 


1 
operations of the original group, then every substitution of the 
set SH, produces the same effect on the s symbols that S’ 
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produces. Now the number of unchanged symbols in all the 


substitutions of the transitive group of degree s and order cs 


N, 
ney ae eo 
IS a therefore, in all the substitutions of the original group, 
a 


the number of symbols of the set of s that remain unchanged is 
N. The same reasoning applies to each separate set of the n 
symbols, which are permuted transitively among themselves by 
the operations of the group. Hence if there are ¢, such transi- 
tive sets, the total number of symbols which remain unchanged 
in all the substitutions of the group is NV¢,; or 
Nt, SS. 
r=1 

119. The formula just obtained is the first of a series of 
similar formulae, due to Herr Frobenius', which are capable of 
many useful applications. 


Consider the symbol (aj, de, ...... , Ay), Where the letters are 
p distinct letters chosen from the n which are operated on by 
the group, the sequence in which the p letters are arranged 
being regarded as essential. The number of such symbols 
that can be formed from the v letters 1s n(n—1)...... (n—p+l1). 
Every substitution of the group interchanges this set of 
symbols among themselves; and no substitution can leave one 
of the symbols unchanged unless it leaves each of the letters 
forming it unchanged. Moreover no substitution of the group, 
other than identity, can leave each of the set of symbols 
unchanged. Hence the group can be expressed as a substitu- 
tion group in this set of n(n—1)...... (n—p+1) symbols. 
Every substitution of the group which leaves exactly r letters 
unchanged will, if r<p, leave none of the set of symbols 
unchanged ; while if 7 >, it will leave exactly 

a Cte @ Pe (r—pt+1) 

unchanged. Hence, if the set of symbols are interchanged by 
the substitutions of the group in ¢, transitive sets, then 


siege ees a 
Nips Sue 


r=p —Pp-: 


1 «‘ Ueber die Congruenz nach einem aus zwei endlichen Gruppen gebildeten 
Doppelmodul,” Crelle, t. ct, (1887), p. 288. 
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From the symbol (a, a, ...... , Gp), containing p letters, 
may be formed n—p symbols containing p+1 letters, by 
adding any one of the remaining n — p letters in the last place. 
If the symbol (a, ds, ...... , Gp) 18 one of a transitive set of 
s symbols, to these there will correspond s(n —p) symbols of 
p+1 letters. No symbol of p+1 letters, which is not included 
among these s(n —p) symbols, can enter into a transitive set 
with any one of the s(n—p); since if it did, the s symbols of p 
letters would not form a transitive set. Hence the s(n—p) 
symbols must form, by themselves, a number of transitive sets 
of the symbols of p +1 letters; and this number clearly cannot 
be less than 1 nor greater than n—p. Accordingly, to every 
transitive set of the symbols of p letters, there correspond 
a(l<x<gn—p) transitive sets of the symbols of p+ 1 letters; 
and therefore 


ty <tpii<(n — pty. 


Ex. 1. If t, and ¢t,,, are equal and if p<n-1, shew that ¢,,, is 
unity and that the group is (p + 1)-ply transitive. 


Ex. 2. Apply the method of § 119 to shew that no substitution, 
except identity, of a /-ply transitive group, which does not contain 
the alternating group, can displace less than 2/4 — 2 letters. 


Note to § 108. 


The results of M. Jordan, stated on p. 149, may be established 
as follows. Let G be a quadruply transitive group of degree n and 
order 12 (n—1)(n—2)(n—3), so that 2 —2 is the power of a prime. 
There is a single operation of G which changes any four symbols 
into any other four symbols. Let a, 6, c, d be four of the symbols 
operated on by G. The operations of G which permute these 
symbols among themselves form a sub-group H, simply isomorphic 
with the symmetric group of degree 4. Suppose that the remaining 
n—4 symbols are permuted by H in transitive sets of ,, mo, ... 
symbols each. 


The only groups with which H is multiply isomorphic are 
(i) the symmetric group of degree 3, (ii) a group of order 2. If 
_ then, when we consider the effect of H on a set of n, symbols which 
are permuted transitively by it, the group of degree », so obtained 
is one with which H is multiply isomorphic, this group must be 
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either the symmetric group of degree 3 or a group of order 2. 
Hence nm, must be either 6, 3 or 2. Since in this case H will 
contain operations leaving all the , symbols unchanged, the value 
6 for m, is inadmissible. If », is 3, the operations of H, which 
give the substitutions 


1, (ab) (ed), (ad) (be), (ac) (bd), 


of a, b, c, d, leave the 3 symbols unchanged ; and if m, is 2, the 
operations of H which give all the even substitutions of a, b, ¢, d, 
leave the 2 symbols unchanged. 


If, on the other hand, when we consider the effect of H on the 
set of n, symbols only, the transitive group of degree 7, so obtained 
is simply isomorphic with H, then n, must be either 4, 6, 8, 12 or 
24. In this case, the value 4 for , is inadmissible. In fact, if 
nm, were 4 the operation of H which leaves ¢ and d unchanged 
would also leave two of the », symbols unchanged; and this is 
impossible since no operation of H, except identity, can leave more 
than 3 symbols unchanged. For a similar reason, the value 12 for 
n, is inadmissible ; while, if 7, is 6, the sub-group that keeps one of 
the n, symbols unchanged must be cyclical. 


The only other possible value for , is unity. 


Suppose, first, that », is 2. If any of the remaining numbers 
M., M3, ... differ from 24, it may be shewn immediately that 
H contains operations which keep more than 3 symbols fixed. 
Hence in this case m is congruent to 6 (mod. 24); and since n— 2 
cannot then be a power of a prime unless n= 6, this case gives the 
alternating group of degree 6. 


Next, suppose that n, is 3. The only admissible values for 
No) 23, ... are 8 and 24. In this case, the sub-group of H which 
keeps all the n, (=3) symbols unchanged is a non-cyclical sub-group 
of order 4. But we have seen in § 105 that, if n—3 is even, a 
sub-group of order » — 3 which keeps 3 symbols unchanged can only 
have a single operation of order 2. Hence this case cannot occur. 


Next, suppose that », is 8. The only admissible values for 
Nz, 23, ... are again 24. This case cannot occur since no number 
congruent to 10, mod. 24, can be a power of a prime. 


The only remaining possibilities are : 


(i) m=, Ste cet nes a 
(ii) m=1, m=n=...... =24, 
(iii) n,=6, my=ng= ...... = 24, 
(iv) m=1, m=6, n=... = 24, 
(vy) m=1, n,=6, m%=...=0, 


(vi) 2 Be Ny = Nz = «e- — Ve 


The first of them cannot occur, since then n— 2 is not the power 
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of a prime. In the second case, an operation of H which leaves ¢ 
and d unchanged would be of the form 


(ab) (a) (8) ...0000. ; 


where there are 34(n—3) independent transpositions; while an 
operation of Z/, of order 2, which leaves none of the symbols a, 4, 
c, d unchanged, will consist of the product of $(7-—1) independent 
transpositions. Now the operation 


(ab) (a8) (yS) ...-.- 


occurs in the group, conjugate to H, which permutes a, }, a, £, 
among themselves ; and as an operation of this group, it must be 
the product of 4(m—1) independent transpositions. This is a 
contradiction: hence this case cannot occur. 


In case (iii), let 1, 2, 3, 4, 5, 6 be the six symbols that are 
permuted transitively. The self-conjugate sub-group of H of order 
4 will consist of identity and the three substitutions 


(ab) (ed) (34) (56) (a) (y8) «...-05 
(ac) (bd) (56) (12) (ay) (8) .....-5 
(ad) (be) (12) (34) (a8) (By) 0... 


This sub-group will also occur as the self-conjugate sub-group of 
order 4 of the group, conjugate to H, which permutes a, B, y, 4 
among themselves. If S, S’ are two operations, of order 3, of these 
sub-groups which give the same permutation of 1, 2, 3, 4, 5, 6, then 
SS’-1 is an operation of G, distinct from identity, which keeps the 
six symbols unchanged. Hence this case cannot occur. Precisely 
the same reasoning applies to case (iv). 


Finally then, cases (v) and (vi), in which v is respectively 11 and 
5 are the only remaining possibilities. 


When v is 5, G is the symmetric group of degree 5. 


When 7 is 11, the group G, if it exists, is of degree 11 and 
order 11.10.9.8. A sub-group of order 8 which keeps three 
symbols fixed must contain a single operation of order 2; hence 
it must either be cyclical or of the type given in Theorem V, § 63. 
When expressed in 8 symbols, this is generated by 

(1254) (3867) and (1758) (2643), 
while we may take a cyclical group of order 8 to be generated by 
(12835476). 


It is easy to verify that each of these substitutions transforms the 
group of order 9, generated by 


123) (456) (789) and (147) (258) (369), 
o (123) (456) (789) and (147) (258) (369) 


If we now apply the method of § 109, we find that each of 
these doubly transitive groups of degree 9 is contained in a triply 
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transitive group of degree 10; a repetition of the same process of 
trial shews that, while the group 


{(123) (456) (789), (12835476)! 


is not contained in a quadruply transitive group of degree 11 and 
order 11.10.9.8, the group 


{(123) (456) (789), (1254) (3867), (1758) (2643)} 
and the two substitutions 
(a2) (58) (64) (79), (ab) (57) (68) (49) 
actually generate such a group. 
A further trial will shew that this group and the substitution 
(be) (47) (58) (69) 
generate a group of degree 12 and order 12.11.10.9.8; but that 


there is no group of degree 13 which contains the last group as the 
sub-group that keeps one symbol fixed. 


The three substitutions, of order two, just given generate that 
sub-group of order 24, of the transitive group of degree 11 and 
order 11.10.9.8 in the symbols 


a, b, C, 2, 3, a 5, 6, if 8, 9, 
which permutes a, b, c, 2 among themselves. 


Tf k+t4, a &ply transitive group, of degree m and order 
n(n—1)......1.—k+ 1), must contain a quadruply transitive group of 
degree n—k+4 and order (n—k+ 4) (n—k+3)(n—k+ 2) (n-k+1). 
Hence, if the group is neither the alternating group nor the sym- 
metric group of degree n, it must be either the group of degree 11 
or the group of degree 12 that have been determined above. 


Note to § 110. 


It may be shewn that, with a single exception when x = 12, the 
inequality (p. 152 

quality (p. 152) oe 
may be replaced by 

k<in+l. : 

Since & is an integer, it is only necessary to consider the case in 
which 7 is a multiple of 3, so that we may write 3m for n. If, in 
this case, k=m-+1, then 2k-2=2m; and a (m+ 1)-ply transitive 
group of degree 3m, which does not contain the alternating group, 
can therefore have no substitution which displaces fewer than 2m 
symbols. Its order must therefore be 3m (3m -—1)...... (2m + 1) 2m. 
From M. Jordan’s results, which have just been proved, such a 
group exists only when n= 12; and therefore when n is not 12, a 
k-ply transitive group of degree n, which does not contain the 
alternating group, can only exist if kk<n+1. 


CHAPTER IX. 


ON SUBSTITUTION GROUPS: PRIMITIVE AND 
IMPRIMITIVE GROUPS. 


120. WE have seen that the symbols permuted by the 
operations of an intransitive substitution group may be divided 
into sets, such that every substitution of the group permutes 
the symbols of each set among themselves. For a transitive 
group the symbols must, from this point of view, be regarded 
as forming a single set. It may however in particular cases 
be possible to divide the symbols permuted by a transitive 
group into sets in such a way, that every substitution of the 
group either interchanges the symbols of any set among them- 
selves or else changes them all into the symbols of some other 
set. That this may be possible, it is clearly necessary that each 
set shall contain the same number of symbols. 


In the present Chapter we shall discuss those properties 
of transitive groups which depend on their possessing or not 
possessing the property indicated. 


121. Definition. When the symbols operated on by a 
transitive substitution group can be divided into sets, each set 
containing the same number of distinct symbols and no symbol 
occurring in two different sets, and when the sets are such 
that all the symbols of any set are either interchanged among 
themselves or changed into the symbols of another set by every 
substitution of the group, the group is called imprimitive. 
When no such division into sets is possible, the group is called 
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primitive. The sets of symbols which are interchanged by 
an imprimitive group are called imprimitive systems. 


A simple example of an imprimitive group is given by 
group VII of § 17. An examination of the substitutions of this 
group will shew that they all either transform the systems of 
symbols wyz and abe into themselves or else interchange them, 
and that the same is true of the systems wa, yb, zc; so that, in 
this case, the symbols may be divided into two.distinct sets of 
imprimitive systems. 


It follows at once, from the definition, that an imprimitive 
group cannot be more than simply transitive. For if it were 
doubly transitive, it would contain substitutions changing any 
two symbols into any other two, and of these the first pair 
might be chosen from the same imprimitive system and the 
second pair from distinct systems. 


The question as to whether a given group can be expressed 
as a transitive group of given degree, and the further question 
as to whether such a representation of the group, when possible, 
is imprimitive or primitive, finds its complete solution in the 
following investigation due to Herr Dyck’. 


122. In § 20 it was shewn how any group @ of order NV 
could be represented as a substitution group of NV symbols. 
This form of the group, defined as the regular form, is simply 
transitive; for all its substitutions except identity displace all 
the symbols, and therefore there must be just one substitution 
changing a given symbol into any other. Let us now suppose 
that V = py, and that G has a sub-group # of order p, consisting 
of the operations 


fo FE); Nee Ses eeeeee ) Si 
so that every operation of the group can be represented uniquely 
in the form 
Sal Ol, 2a Fie ae (Je Gs Bey a py yee dn 
The tableau representing the group as a substitution group 
of N symbols will, in terms of these symbols, take the form 


1 Dyck, ‘‘ Gruppentheoretische Studien, Il,” Math. Ann. xxi, (1883), pp. 
86—95. 
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given on the following page. Every symbol in this tableau is 
of the form 
Sin T' n Sl’ n'y 

and such a symbol will belong to the column headed by S,,, 7’, 
and to the line beginning with S,,Z7'y. The symbols in any 
line (or column) differ in arrangement only from those in the 
leading line (or column); hence 7; must occur in the line 
beginning with S,,7,,.. We may therefore suppose that 


in ds Begs — Ty; 
and then SiS nin aoe ee LE, 
S3Sin Tail w nae S;T;, 


ee ee ee ee ee eee eee Oe ee 


Sine Lamel ae e 


Since Le ee rer 
form a group, these symbols differ from 
fs S3Sins SsSm, ed heii a ? Pe fa Fam 


only in the sequence in which they are written; and therefore 
the set of symbols 


POPs Be a ew WEA G a For alg 7) 
is identical, except as regards arrangement, with the set 


ee (p=1, 7d. seeees » fe) 
Hence the substitution of G, represented by the line be- 


ginning with S,,77,, changes the set of symbols S,7', into the 
set S, 7), in some sequence or other. 


Every substitution of the group therefore changes the 
symbols of each of the v sets, into which the first line of the 
tableau is divided, either into themselves or into the symbols of 
some other of the v sets. Hence :— 


THEOREM I. If a group of order pv contains a sub-group 
of order p, the regular form of the group will be imprimitive in 
such a way that the wv symbols may be divided into v imprimi- 
tive systems of wu symbols each. 


The converse of this theorem is also true. For if the pv 
symbols 
l, Sez 8, eee ee > ha pee 
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174 


1 ESTAS 


ee 8 ES SS Sa se EGUISCL Sout SON de se | OLE SLOSS Ce ee 
Re A SS SCD a Sa TS AL Su SG Sal Se GL Se ee oS EOS ALR ee 
ee ON ae A WAG FS SEALS ab aS es eS Gl A ee 
Be SAE SD Sa SG UE Ne WES LSS" Sb'S! WLS aah ESOS ESN Se ee 
OW AIST Auk be ash PE SIN Ags eV Ak Siall Pad) LN ASAD NANG tC OT AISUA Aud cite sy Fakir Aad Py oCe Ton a7 by? 7 Release IT egy = @Tegky TASES a7 ey 
os OS a ee ARN ALS) ke oh So a | TNO Se eee 
sd SAY Add SI o LIS UH Ads) aya 7 Ey SAA f eae ee ny ny ay OF ‘6 Ay? eS sal Si CARA Wony ayy ‘ noe ny 
eS (Sa SU Re ps SoS, ery. oF Nhu See? et SMe tone Se Seta % 
ah Aas) or legs aby 47 ccccee A als) AN ed ARS oF eeeeee dey eee by By I 
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by whose permutations the group can be expressed in regular 
form, are divisible into v imprimitive systems of each, let 


Z, a Ss; serene ; Si. 


be that system which contains identity. Then this system 
and the systems 


S89. NA 88, ee ae 


having the symbol S,, in common, must have all their symbols 
in common ; therefore the product of any two of the operations 
of this set of « operations is another operation of the set. The 
set therefore forms a group. 


123. Let us now represent the imprimitive system 
YAP FS Sve. Bey i Sao ped 
by the single symbol U,,, for all values of m. If we then, in 
the preceding tableau representing the group, pay attention only 
to the way in which the systems are permuted among themselves, 
without regarding the permutations of the symbols within the in- 
dividual systems, we obtain a substitution group of the v symbols 


GU, Upeaen ou: 

This group is isomorphic with the original group G; and if 
no substitution of the original group interchanges among 
themselves the symbols of each imprimitive system, the iso- 
morphism must be simple. Now a substitution of G, which 
does not change any imprimitive system into another, must, if 
it exists, be a substitution S’ of the sub-group H, which is 
constituted by 

Loe ieee an 
such that 7’,,S’ belongs to the set U,, for each suffix m; and 
therefore, for each suffix m, we must have an equation 


Ind = BT; 


where S” is another substitution of H. The sub-group H 
must therefore contain every substitution of G which is conju- 
gate to S’: in other words, it must contain a self-conjugate 
sub-group of G. Hence :— 


THEOREM II. If H, of order p, is a sub-group of G of 
order pv, and if no self-conjugate sub-group of G is contained in 
H, then G can be expressed as a transitive group of degree v. 
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That the converse of this theorem is true is immediately 
obvious. 


124. If the sub-group H of G@ is contained in a greater 
sub-group K of order wv’, where v=v’'yv”, the operations of K 
consist of the sets 


fn BR 9B RCE 2 Ef WP so Ae ie 
and the operations of G of the sets 
ee Pole Ie hie es Gia 
while the set KR, is made up of the sets 
Tl lg PE aged dete as Aw oA LE ete 


The regular form of the group has v’v” imprimitive systems 
corresponding to the sub-group H, and v” imprimitive systems 
corresponding to the sub-group K; the above method of re- 
presenting K shews that each of the latter systems contain v’ 
complete systems of the former set. 


Now it has just been proved that, if H contains no self- 
conjugate sub-group of G, the group can be represented as a 
transitive substitution group of the symbols 

ELE ees 40) Shiny oe iges ay A 1 Rocca ea a ee * 

But from the division of the symbols in the regular form of 
the group into v” imprimitive systems, it follows that the set of 
symbols 

te At a0) : 
must either be permuted among themselves or be changed into 
another set 

Ds AE SO § We eb aici oe aus 
by every substitution of the group. The representation of the 
group as a transitive group of v’y” symbols is therefore im- 
primitive. Hence :— 


THEOREM III. Jf a group G of order py'v” has a sub-group 
H of order pw, which contains no self-conjugate sub-group of G; 
and if H is contained in a sub-group K of G of order pyr’; 
then the representation of G as a transitive group of degree 
y'v" (in respect of H) is imprimitive, the v'v” symbols being 
divisible into v” systems of v’ symbols each. 


a 
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Corollary I. A transitive group of order uv and degree v 
will be primitive if, and only if, a sub-group of order w that 
keeps one symbol fixed is a maximum sub-group. , 


Corollary II. A group, which contains other self-conjugate 
operations besides identity, cannot be represented in primitive 
form. 


For if a sub-group H of order yw contains a self-conjugate 
operation, the group (of order wv) cannot be represented as 
a transitive group of degree v in respect of H; and if H 
contains none of the self-conjugate operations, and is not a 
self-conjugate sub-group, it cannot be a maximum sub-group. 


In particular, a group whose order is the power of a prime 
cannot be represented as a primitive group. 


Corollary III. An Abelian group when represented as a 
transitive substitution group, must be in regular form. 


Corollary IV. A simple group can always be represented 
in primitive form. 


125. Every possible representation of a group as a 
transitive substitution group is given by the method of the 
preceding paragraphs. There is another method of dealing 
with the same problem which we may shortly consider here in 
view of its utility in many special cases, though it does not in 
general lead to all possible modes of representation. Let 


be a conjugate set of sub-groups (or operations) of a given 
group G, and let 


be a set of sub-groups of G, such that J, is the greatest sub- 
group containing H, self-conjugately. The latter set of groups 
are not necessarily all distinct; in fact, we have seen in § 55 
that, when the order of G is the power of a prime, they cannot 
be all distinct. 


If S is any operation of G, then 


i ee et: & ) 
(gaz S; 8 AB 6 ,S7H,S 
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is a substitution performed on the set of symbols H,, H,,..., H,; 
and if for S each substitution of the group is written in turn, 
these substitutions form a transitive substitution group of 
degree v. The substitution corresponding to S, followed by 
the substitution 


fg dena s Maker oes. Phage eS 
(a diay hams El Wea aay bagg 3 bs 


corresponding to 7’, gives the substitution 


Tate ie He © ee ee a a Ne 
SH ST Tos ST sais): 


and therefore the substitutions form a group isomorphic with 
G, since the product of the substitutions corresponding to S and 
T is the substitution corresponding to ST. 


Moreover, since there are operations of G which transform 
H, into each of the other sub-groups (or operations) of the 
conjugate set, the substitution group is transitive in the v 
symbols. The substitution group will be simply isomorphic 
with G if, and only if, there is no operation of G which 
transforms each of the v sub-groups into itself. Now the only 
operations of G which transform H, into itself are the oper- 
ations of Z,; and hence the substitution group will be simply 
isomorphic with G if, and only if, the conjugate set of sub- 


groups 


has no common sub-group except identity. This will be the 
case only when J, contains no self-conjugate sub-group of G. 


It has been seen (§ 123) that, when this condition is satisfied, 
G can be represented as a transitive substitution group whose 
degree is v, the ratio of the orders of G and J,. That the 
form there obtained is identical with the form obtained in the 
present paragraph may be easily verified. Thus in the earlier 
form, the substitution corresponding to S is 


date ae Mee i e 
(rns ETS, ceaees pan (7, = 1), 
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_ or in abbreviated form 
I, yi" 
(7 A oy i 
if 7,8 = tl g, 
7 being some operation of J,. 
In the present mode of representation, the substitution 
corresponding to S can be written in the form 


PT Ay ies 5 se a eee ) 
(sary, 1 AAS a gw! Sa «Bi Le. Sarma nS ee 


since each operation of the set J,7', will transform H, into the 
same sub-group. Now, if a corresponding abbreviated form be 
used, this substitution may be written 
L7H, T, 

(r ¢ HT ) 

and therefore the symbols J,7', in the one form are permuted 
by the substitutions in identically the same manner as the 
corresponding symbols 7,1 H,7,, in the other form. 


It should be noticed that, if @ contains self-conjugate opera- 
tions other than identity, these operations necessarily occur 
in J,; and therefore in such a case the present method cannot 
lead to a substitution group which is simply isomorphic with 
G. In any case, if K is the greatest self-conjugate sub-group of 
G contained in J,, the substitution group is simply isomorphic 

Oo 
with es 

126. As an illustration of the preceding paragraphs, we will 
determine the different modes in which the alternating group of 
degree 5 can be represented as a transitive group. 


The only cyclical sub-groups contained in G,,, the alternating 
group of degree 5, are groups of orders 2, 3 and 5; and of each of 
these cyclical sub-groups there is a single conjugate set. 

The non-cyclical sub-groups may be determined as follows. The 
lowest possible order for such a sub-group is 4; since this is the 
highest power of 2 that divides 60, there is a single conjugate set of 
sub-groups of order 4. The next lowest possible order is 6. Now 
no operation of order 3 is permutable with an operation of order 
2, as the group contains no operations of order 6 ; on the other hand, 
every sub-group of order 3 is permutable with an operation of order 
2; thus 

(12) (45) (123) (12) (45) = (132). 
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There is therefore a single set of conjugate sub-groups of order 6. 
The next lowest possible order is 10. The group contains no opera- 
tion of order 10; but every sub-group of order 5 is permutable with 
an operation of order 2; thus 


(14) (23) (12345) (14) (23) = (15432). 


There is therefore a single conjugate set of sub-groups of order 
10. The next lowest possible order is 12. If the group contains a 
sub-group of this order, it must be transitive in 4 symbols. Now the 
alternating group of 4 symbols is of order 12. Hence Gj must 
contain a single conjugate set of sub-groups of order 12. The only 
other possible orders are 15, 20 and 30. The reader will readily 
verify directly that there are no sub-groups of these orders. This 
can also be seen indirectly, since G4) is a simple group and therefore, 
if there were a sub-group of order 15, the group could be expressed 
transitively in 4 symbols. Since the group contains operations of 
order 5, this is clearly impossible. 


Hence finally, since each of the sub-groups leads to a transitive 
representation of the group, G4, can be represented as a transitive 
substitution group in 30, 20, 15, 12, 10, 6 and 5 symbols, and in 
one distinct form in each case. The second method, as given in 
§ 125, does not lead to all these modes of representation. The 
group will be found to contain 15 conjugate operations (or sub- 
groups) of order 2: 10 conjugate sub-groups and 20 conjugate 
operations of order 3: 5 conjugate sub-groups of order 4: 6 con- 
jugate sub-groups and two sets of 12 conjugate operations, each of 
order 5: 10 conjugate sub-groups of order 6: 6 conjugate sub-groups 
of order 10: and 5 conjugate sub-groups of order 12. Hence, by 
using the second method, the representation of the group as transi- 
tive in 30 symbols would be missed. 


Since a sub-group of order 2 is contained in sub-groups of orders 
4, 6, 10 and 12, the 30 symbols permuted by G,, when it is ex- 
pressed as a transitive group of degree 30, can be divided into sets 
of imprimitive systems, containing respectively 2, 3, 5 and 6 symbols 
each. Similarly, when 4) is represented as a transitive group of 
degree 20, 15 or 12, it is imprimitive. When expressed as a group 
of order 10, 6 or 5, it is primitive. 


127. As a further illustration, we shall determine all the 
distinct forms of imprimitive groups of degree 6. Let G be such 
a group, and #H that sub-group of G which interchanges among 
themselves the symbols of each imprimitive system. 


We will first suppose that there are two systems of three symbols 
each, viz. ; 


1, 2, 3 and 4, 5, 6. 


127] IMPRIMITIVE GROUPS OF DEGREE SIX 181 


In this case, H cannot consist of the identical operation only ; 
for there must be a substitution changing | into 2, and this must 
permute 1, 2 and 3 among themselves, and therefore also 4, 5 and 6 
among themselves. 


Let H contain substitutions which leave 4, 5 and 6 unchanged. 
These must (§ 114) form a self-conjugate sub-group of H, which will 


be either 
{(123), (12)} or {(123)}. 


Since G has substitutions interchanging the systems, 1 must 
similarly contain 


{(456), (45)} or {(456)}. 
In the first alternative, 7 is the group 
(i) {(123), (12), (456), (45)} ; 


for H contains this group, and on the other hand, this is the most 
general group that interchanges the six symbols in two intransitive 
systems of three each. The order of this group is 2?. 3°. 


In the second alternative, 1 contains the self-conjugate sub-group 
{(123), (456)}. 


Now if H is of order 2?.3?, it is necessarily of the form (i). If 
it is of order 2. 3°, it must contain a substitution of order 2 which 
transforms the sub-group just given into itself. This may be taken, 
without loss of generality, to be (12) (45); and then H is the 


group 
(ii) {(123), (456), (12) (45)}. 
If H is of order 3’, it is the group 
(iii) {(123), (456)}. 


Next, let // contain no substitutions which leave 4, 5 and 6 
unchanged. Then / is simply isomorphic with a group of degree 
3, and therefore it must be of the form 


(iv) {(123) (456), (12) (45)}, 
or (v) {(123) (456)}. 


a Lie 
Now 7 of order 2; therefore G must have a substitution of 


order 2 or 4, which interchanges the systems. If the order of ZH is 
odd, this substitution must be of order 2. When the substitutior 
is of order 2, we may, without loss of generality, take it to be 
(14) (25) (36) or (14) (26) (35). If H is of the form (i), (ii), or (iv), 
we get for G, in each case, the same group whichever of these substi- 
tutions we take. When // is of the form (iii), we get two groups which 
are easily seen to be conjugate in the symmetric group. These we 
do not regard as distinct. When Z is of the form (v), we get two 


182 IMPRIMITIVE GROUPS OF DEGREE SIX [127 


distinct groups, one of which is simply isomorphic with the sym- 
metric group of three symbols, while the other is a cyclical group. 
In these two latter cases, the symbols can be divided into three im- 
primitive systems of two each. 


If the substitution which interchanges the systems is of order 4, 
its square must occur in H; we may therefore take it to be 
(1425) (36). When # is of form (i), this gives the same group as 
before; but when // is of either of the forms (ii) or (iv), we get new 
forms for G. There are therefore eight distinct forms of groups of 
degree 6, in which the symbols form two imprimitive systems of 
three symbols each. 


Secondly, suppose that there are three systems of symbols, 
containing two each, viz. 


1,2; 3,4; and 5, 6. 


The self-conjugate sub-group H is of order 2%, 2’, 2 or 1. 
Corresponding to the first three cases, the forms of H are easily 
seen to be 


(i) {(12), (34), (56)}, 
(ii) {(12) (34), (34) (56), (12) (56)}, 
and (iii) {(12) (34) (56)}. 


; ee : 
Again, since H interchanges the three systems, it must be 


simply isomorphic with a group of degree 3, and its order is therefore 
either 3 or 6. First, let its order be 3. It must then contain a 
substitution of order 3 which, without loss of generality, may be 
taken to be (135) (246) ; this gives, with the three above forms of H, 
three distinct forms for G. The form of G corresponding to the form 
(iii) of H is, however, the same as one of those already determined. 


If 2 is of order 6, G must contain as a self-conjugate sub-group 


one of the three groups just obtained. Also if = were cyclical, 


there would be a substitution in G, not belonging to H and 
permutable with (135) (246). This is clearly impossible, and there- 
fore G must contain a substitution which transforms (135) (246) 
into its inverse. We may take this to be (13) (24) or (14) (23) (56). 
With the form (i) for 1, these two substitutions lead to the same 
group. When /# is of the form (ii), they give two distinct forms 
for G. When # is of the form (iii), G admits the imprimitive 
systems 1, 3, 5, and 2, 4, 6. 


Lastly, if H is the identical operation, G' is necessarily of order 6 ; 
no new forms can arise. 
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There are therefore five distinct forms of groups of degree 6, in 
which the symbols form three imprimitive systems of two symbols 
each but do not at the same time form two imprimitive systems of 
three symbols each. 


128. An actual test to determine whether any transitive 
group is primitive or imprimitive may be applied as follows. 
Consider the effect of the substitutions of the group G on r of 
the symbols which are permuted transitively by it. Those 
substitutions, which permute the 7 symbols, say 


among themselves, form a sub-group H. Now suppose that 
every substitution, which changes a, into one of the r symbols, 
belongs to H. Then if S is a substitution, which does not 
permute the r symbols among themselves, it must change 
them into a new set 


which has no symbol in common with the previous set; and 
every operation of the set HS changes all the a’s into O's. 
Moreover, since G@ is transitive, H must permute the as 
transitively ; and therefore the set HS must contain substitu- 
tions changing a, into each one of the b's. 


Suppose now, if possible, that the group contains a substi- 
tution S’, which changes some of the a’s into b’s, and the 
remainder into new symbols. We may assume that S’ changes 
a, into b,, and a, into a new symbol ¢,. Among the set HS 
there is at least one substitution, 7’, which changes a, into ),. 
Hence 77'S’ changes a, into itself and some new symbol into 
a. This however contradicts the supposition that every 
substitution, which changes a, into one of the set of a's, 
belongs to H. Hence no substitution such as S’ can belong to 
G; and every substitution, which changes one of the a’s into 
one of the b’s, must change all the a’s into b’s. 


If the substitutions of the group are not thus exhausted, 
there must be another set of r symbols 


which are all distinct from the previous sets, such that some 
substitution changes all the a’s into c’s. We may now repeat 
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the previous reasoning to shew that every substitution, which 
changes an a into a c, must change all the a’s into c’s. By 
continuing this process, we finally divide the symbols into a 
number of distinct sets of 7 each, such that every substitution of 
the group must change the a’s either into themselves or into 
some other set: and therefore also must change every set either 
into itself or into some other set. The group must therefore be 
imprimitive. Hence :— 


THEOREM IV. If, among the symbols permuted by a transt- 
tive group, it is possible to choose a set such that every 
substitution of the group, which changes a chosen symbol of the 
set either into itself or into another of the set, permutes all the 
symbols of the set among themselves ; then the group is im- 
primitive, and the set of symbols forms an imprimitive system. 


Corollary: [6 -G). G5ce , dy are a part of the symbols 
permuted by a primitive group, there must be substitutions of 
the group, which replace some of this set of symbols by others 
of the set, and the remainder by symbols not belonging to the 
set. 


Corollary II. A sub-group of a primitive group, which 
keeps one symbol unchanged, must contain substitutions which 
displace any other symbol. 


If the sub-group H, that leaves a, unchanged, leaves every 
symbol of the set a,, ds, ...... , a, unchanged, then H must be 
transformed into itself by every substitution which changes any 
one of these symbols into any other. Every substitution, which 
changes one of the set into another, must therefore permute 
the set among themselves; and the group, contrary to supposi- 
tion, is 1mprimitive. 


129. It has already been seen that, in particular cases, it 
may be possible to distribute the symbols, which are permuted by 
an lmprimitive group, into imprimitive systems in more than 
one way. When this is possible, suppose that two systems 
which contain a, are 


My, As, eeeees > Ay, Oy+iy eeetesn > Am) 


/ . 
and 1 SO | eed bie Ul eciacecie task coe a 
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and that the symbols common to the two systems are 


a as i 
A substitution of the group, which changes a, into @’,;, 
must change a, dy, ...... , a, into r symbols of that system of’ 


the first set which contains a’,,,, while it changes the system of 
the second set that contains a, into itself. Hence the latter 
system contains at least 7 symbols of that system of the first 
set in which a’,,, occurs. By considering the effect of the 
inverse substitution, it is clear that the system 


lg 
a, A>, 06086 > Ay,  r+iy oeeree > An 


cannot have more than r symbols in common with the system 
of the first set that contains a’,,,. Hence the n symbols of this 
system can be divided into sets of r, such that each set is 
contained in some system of the first set. It follows that n, and 
therefore also m, must be divisible by r. 


Suppose now that 6, is any symbol which is not contained 
in either of the above systems. A substitution that changes 
a, into b, must change the two systems into two others, which 
have 7 symbols 


in common; and since no two systems of either set have a 
common symbol, these 7 symbols must be distinct from 


re» eae ie ae 

Further, from the mode in which the set b,, by, ...... , 6, has 
been obtained, any operation, which changes one of the symbols 
ay aang , ad, into one of the symbols },, b,, ...... , b,, must 


change all the symbols of the first set into those of the second. 
Hence the symbols operated on by the group can be divided 
into systems of r each, by taking together the sets of r 
symbols which are common to the various pairs of the two 
given sets of imprimitive systems; and the group is imprimitive 
in regard to this new set of systems of r symbols each. 
Hence :— 


THEOREM V. If the symbols permuted by a transitive group 
can be divided into imprimitive systems in two distinct ways, m 
being the number of symbols in each system of one set and n in 
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each system of the other; and if some system of the first set has 
r symbols in common with some system of the second set; then 
(i) 7 as a factor of both m and n, and (11) the symbols can be 
divided into a set of systems of r each, in respect of which the 
group vs imprimitive. 

This result may also be regarded as an immediate conse- 
quence of Theorem III, § 124. For if H, and H, are two 
sub-groups of G each of which contains the sub-group R, and 
if K is the greatest common sub-group of H, and H,, then K 
contains Rk. Now if & contains no self-conjugate sub-group 
of G, then G can be represented as a transitive group whose 
degree is the order of G divided by the order of R. If the 
respective orders of H, and H, are m times and n times the 
order of R, the symbols can be divided in two distinct ways 
into sets of imprimitive systems, the systems containing m 
and n symbols respectively. Also, if the order of K is r times 
the order of R, then r is a factor of m and of n; by considering 
the sub-group KK, the symbols may be divided into a set of 
systems which contain 7 symbols each. 


It might be expected that, just as we can form a new set of 
imprimitive systems by taking together the symbols which are 
common to pairs of systems of two given sets, so we might form 
another new set of systems by combining all the systems of one set 
which have any symbols in common with a single system of the 
other set. A very cursory consideration will shew however that 
this is not in general the case. In fact, it is sufficient to point out 
that, with the notation already used, the number of symbols in such 


mn : ; 
a new system would be —; and this number is not necessarily a 
r 


factor of the degree of the group. Also, even if this number is a 
factor of the degree of the group, it will not in general be the case 
that the symbols so grouped together form an imprimitive system. 


130. We may now discuss, more fully than was possible in 
§ 106, the form of a self-conjugate sub-group of a given transitive 
group. Such a sub-group must clearly contain one or more 
operations displacing every symbol operated on by the group. 
For if every operation of the sub-group keeps the symbol a, 
unchanged, then since it is self-conjugate, every operation will 
keep Gy, Gz, .....: , unchanged: and the sub-group must reduce 
to the identical operation only. 
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Suppose now, if possible, that H is an intransitive self- 
conjugate sub-group of a transitive group G; and that H 
permutes the n symbols of G in the separate transitive sets 
st olde (eG 0 Oy ase Geis sSaakh If S is any operation 
of G which changes a, into b,, then, since 


SHS = H, 
it must change all the a’s into b’s; and since - 
SHS = H, 


S must change all the b’s into a’s. Hence the number of 
symbols in the two sets, and therefore the number of symbols 
in each of the sets, must be the same. 


Moreover every operation of G, since it transforms H into 
itself, must either permute the symbols of any set among 
themselves, or it must change them all into the symbols of 
some other set. Hence G must be imprimitive, and H must 
consist of those operations of G which permute the symbols of 
each imprimitive system among themselves. 


Conversely, when @ is imprimitive, it is immediately obvious 
that those operations of G,if any such exist, which permute the 
symbols of each of a set of imprimitive systems among them- 
selves, form a self-conjugate sub-group. Hence :— 


THEOREM VI. A self-conjugate sub-group of a primitive 
group must be transitive; and if an imprimitive group has an 
intransitive self-conjugate sub-group, it must consist of the 
operations which permute among themselves the symbols of each 
of a set of imprimitive systems. 


If G is an imprimitive group of degree mn, and if there are 
n imprimitive systems of m symbols each, then we have seen 
in § 123 that G is isomorphic with a group G’ of degree n. In- 
particular instances, it may at once be evident, from the order of 
G, that this isomorphism cannot be simple. For example, if 
the order of G has a factor which does not divide n!, this is 
certainly the case: and more generally, if it is known indepen- 
dently that G cannot be expressed as a transitive group of 
degree n, then G must certainly be multiply isomorphic with 
G’. In such instances the self-conjugate sub-group of G, which 
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corresponds to the identical operation of G’, is that intransitive 
self-conjugate sub-group, which interchanges among themselves 
the symbols of each imprimitive system. 

If G is soluble, a minimum self-conjugate sub-group of G 
must have for its order a power of a prime. Also, if G has an 
intransitive self-conjugate sub-group, it must have an intransi- 
tive minimum self-conjugate sub-group. Hence if G is soluble 
and has intransitive self-conjugate sub-groups, the symbols 
permuted by G must be capable of division into imprimitive 
systems, such that the number in each system is the power of 
a prime. 


131. Let G bea k-ply transitive group of degree n(k > 2), 
and let G, be that sub-group of G which keeps r(<k) given 
symbols unchanged, so that G, 1s (k—7)-ply transitive in the 
remaining n—r symbols. Also, let H be a self-conjugate 
sub-group of G, and let H, be that sub-group of H which keeps 
the same 7 symbols unchanged; so that H, is the common 
sub-group of H and G,. Since every operation of G, transforms 
both H and G, into themselves, every operation of G, must be 
permutable with H,; 1.e. H, is a self-conjugate sub-group of G,. 
Now, if r=k—2, G,y_, is doubly transitive in the n—k+2 
symbols on which it operates; it is therefore primitive. Hence, 
unless H;_, consists of the identical operation only, it must be 
transitive in the n—k+ 2 symbols. 

If H,_, is the identical operation, H contains no operation, 
except identity, which displaces less than n—k+3 symbols. 
Suppose, first, that H contains operations, other than identity, 
which leave one or more symbols unchanged. Then, since H 
is a self-conjugate sub-group and G is k-ply transitive, it may 
be shewn, exactly as in § 110, that H must contain operations 
displacing not more than 2k—2 symbols. Hence Hy_, can 
consist of the identical operation alone, only if 

n—k+3 > 2k—2, 
or k<€ 4n+8. 

When this inequality holds, we have seen (p. 152) that G 
contains the alternating group. Hence in this case, if G does 
not contain the alternating group, it follows that Hy. is transi- 
tive in the n —k +2 symbols on which it operates. 
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Since H is self-conjugate and @ is k-ply transitive, H must 
contain a sub-group conjugate to H;_, which keeps any other 
k—2 symbols unchanged. Hence H;_; must be doubly transi- 
tive in the n—k+3 symbols on which it operates; and so on. 
Finally, if G is not the symmetric group (the alternating group, 
being simple, contains no self-conjugate sub-group) H must be 
(k —1)-ply transitive. 

Suppose, next, that H contains no operation, except identity, 
which leaves any symbol unchanged. Then if, with the notation 
of § 110, 7 =k —1 for every operation of H, the argument there 
used does not apply. For it is impossible to choose the operation 
T so that cz is a symbol which does not occur in 8. 


The self-conjugate sub-group H contains a single operation 
changing a given symbol a, into any other symbol a,. Also G 
contains operations which leave a, unchanged and change a, 
into any other symbol a,. Hence the operations of H, other 
than identity, form a single conjugate set in G; and therefore 
H must be an Abelian group of order p™ and type (1,1, ...... , to 
m units); p being a prime. Further, since G is by supposition 
at least triply transitive, it must contain operations which 
transform any two operations of H, other than identity, into 
any other two. If p were an odd prime, and P, and P, were 
two of the generating operations of H, it follows that G would 
have an operation S such that 

SOP S=P,,' S°PS=Py; 
and this is impossible. Hence p must be 2. Further if G were 
more than triply transitive, and if A, B, C were three independent 
generating operations of H, then G would have an operation = 
such that 
STAL=A, TP Bl=B, FT Cl=AB. 


This again is impossible, and therefore k must be 3. Hence :— 


THeoREM VII. A. self-conjugate sub-group of a k-ply 
transitive group of degree n (2<k<n), ts in general at least 
(k—1)-ply transitive. The only exception is that a triply 
transitive group of degree 2” may have a self-conjugate sub- 
group of order 2™. 


1 Jordan, Traité des Substitutions, p. 65; where, however, the exceptional 
case is overlooked, 
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132. For the further discussion of the self-conjugate 
sub-groups of a primitive group, it is necessary to consider in 
what forms the direct product of two groups can be represented 
as a transitive group. 


Let @ be the direct product of two groups H, and H,, and 
suppose that G can be represented as a transitive group 
of degree n. When G is thus represented, we will suppose 
that H, is transitive in the n symbols that G permutes. We 
have seen in § 107 that every substitution of n symbols, which 
is permutable with each of the substitutions of a group 
transitive in the n symbols, must displace all the n symbols. 
It follows that every substitution of H, must displace all the n 
symbols on which G operates; and that the order of H, is 
equal to or is a factor of n. 


If the order of H, is equal to n, then H, is transitive in the 
n symbols, so that the order of H, cannot be greater than n. 
In this case, H, and H, must (§ 107) be two simply isomorphic 
groups of order n, which have no self-conjugate operations 
except identity. Further, if H, and H, in this case are not 
simple groups, let K be a self-conjugate sub-group of A. 
Since every operation of H, is permutable with every operation 
of H,, K is a self-conjugate sub-group of G. Now the order of 
K is less than n, the degree of G; therefore K is intransitive 
and G is imprimitive. On the other hand, we have seen 
(loc. cit.) that, if H, and H, are simple, the sub-group of G 
that keeps one symbol fixed is a maximum sub-group: and 
therefore G is primitive. Hence :— 


THEOREM VIII. Jf the direct product 1 of H, and H, can 
be represented as a transitive group of degree n, in such a way 
that H, and H, are transitive sub-groups of I’, then H, and H, 
must be simply isomorphic groups of order n, which have no 
self-conjugate operations except identity. When this condition 
is satisfied, T will be primitive if, and only if, H, and H, are 
simple. 


133. Suppose now that a primitive group G, of degree n, 
has two distinct minimum self-conjugate sub-groups H, and 
H,. Then every operation of H, (or H,) is permutable with 
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H, (or H,), and H,, H, have no common operation except 
identity. Hence (§ 34) the group {H,, H,}, which we will call 
I, is the direct product of H, and H,. Now I is a self- 
conjugate sub-group of G: it is therefore transitive in 
the n symbols which @ permutes. Also H, and H,, being 
self-conjugate sub-groups of G, are transitive. Hence, by 
Theorem VIII (§ 132), H, and H, are simply isomorphic, and 
n is equal to the order of H,. Moreover, since H, is a minimum 
self-conjugate sub-group of G which contains no self-conjugate 
operations except identity, it must (Theorem IV, § 94) be either 
a simple group of composite order, or the direct product of 
several simply isomorphic simple groups of composite order. It 
follows that G cannot have two distinct minimum self-conjugate 
sub-groups unless the degree of @ is equal to or is a power 
of the order of some simple group of composite order. 


134. Let now TI be a minimum self-conjugate sub-group 
of a doubly transitive group G, and suppose that Tis the direct 
product of the a simply isomorphic simple groups 

fi Bee © OD ap. oe 

Since @ is primitive, I is transitive. If H, is a cyclical 
group of prime order p, the order of I is p*; therefore the 
degree of I’, or what is the same thing, the degree of G, is p*. 


If H, is a simple group of composite order, and if a> 2, 
then (§ 132) H, cannot be transitive. The intransitive systems 
of H,, since they form a set of imprimitive systems for I’, must 
each contain the same number m of symbols. If m is less than 
the order of H,, a sub-group of H, which leaves unchanged one 
symbol of one intransitive system will leave unchanged one 
symbol of each intransitive system. Now we shall see, in § 136, 
that the operations of an imprimitive self-conjugate sub-group 
of a doubly transitive group must displace all or all but one of 
the symbols. Hence m cannot be less than the order of Aj. 
We may similarly shew that, if m is equal to the order of Hy, 
some of the operations of [ must keep more than one symbol 
fixed; and therefore, if a > 2, the group assumed cannot exist. 
If a=2, H, may be transitive. But in this case {M,, H,} 
certainly contains operations which leave more than one symbol 
unchanged ; and again the group assumed cannot exist. Hence 
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finally no doubly transitive group can contain a minimum self- 
conjugate sub-group of the type assumed. 


No general law can be stated regarding self-conjugate 
sub-groups of simply transitive primitive groups; but for 
groups which are at least doubly transitive the preceding 
results may be summed up as follows :— 


THEOREM IX. A group G which ts at least doubly transitive 
either must be simple or must contain a simple group H as a 
self-conjugate sub-group. In the latter case no operation of G, 
except identity, 1s permutable with every operation of H. The 
only eaceptions to this statement are that a triply transitive group 
of degree 2” may have a self-conjugate sub-group of order 2 ; 
and that a doubly transitive group of degree p™, where p is a 
prime, may have a self-conjugate sub-group of order p™. 

Corollary. If a primitive group is soluble, its degree 
must be the power of a prime’. 

In fact, if a group is soluble, so also is its minimum 
self-conjugate sub-group. The latter must be therefore an 
Abelian group of order p*: and since this group must be 
transitive, its order is equal to the Lea of the primitive 


Srp. 


135. As illustrating the occurrence of an imprimitive self- 
conjugate sub-group in a primitive group, we will construct a 
primitive group of degree 36 which has an imprimitive self-conju- 
gate sub-group. For this purpose, let’ 


S=(1, 2, 3)(4, 5, 6) (7, 8, 9) (10, 11, 12) (13, 14, 15) 
(16, 17, 18) (19, 20, 21) (22, 23, 24) (25, 26, 27) 
(28, 29, 30) (31, 32, 33) (34, 35, 36), 


and A =(3, 4) (5, 6) (9, 10) (11, 12) (15, 16) (17, 18) 

(21, 22) (23, 24) (27, 28) (29, 30) (33, 34) (35, 36) ; 
so that {S, A} is an intransitive group of degree 36, the symbols 
being interchanged in 6 transitive systems containing 6 symbols 
each. This group is simply isomorphic with 

\(123) (456), (34) (56)}; 


1 This result, stated in a somewhat different form, is given, among many 
others, in the letter written by Galois to his friend Chevalier on the evening 
of May 29th, 1832, the day before the duel in which he was killed. The letter 
was first printed in the Revue Encyclopédique (1832), p. 568; it was reprinted 
in the collection of Galois’s mathematical writings in Liowville’s Journal, t. x1 
(1846), pp. 381—444. 

2 'The commas in the symbols for the substitutions are here used to prevent 
confusion among the one-digit and two-digit numbers, 


lay 
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and it may be easily verified that this group is simply isomorphic with 
the alternating group of 5 symbols, the order of which is 60. 
Also let 
J = (2, 7) (3, 13) (4, 19) (5, 25) (6, 31) (9, 14) (10, 20) (11, 26) 
(12, 32) (16, 21) (17, 27) (18, 33) (23, 28) (24, 34) (30, 35). 
Then 
JSJ = (1, 7, 13) (19, 25, 31) (2, 8, 14) (20, 26, 32) 
(3, 9, 15) (21, 27, 33) (4, 10, 16) (22, 28, 34) 
- (5, 11, 17) (23, 29, 35) (6, 12, 18) (24, 30, 36), 
and JAJ = (13, 19) (25, 31) (14, 20) (26, 32) (15, 21) (27, 33) 
(16, 22) (28, 34) (17, 23) (29, 35) (18, 24) (30, 36) ; 
and {JSJ, JAJ} is similar to and simply isomorphic with {S, A}. 
Now it may be directly verified that S and A are, each of them, 
permutable with JS/J and JAJ; and therefore every operation of 
the group {S, A} is permutable with every operation of the group 
{JSJ, JAJ}. Also these two groups can have no common operation, 
since the symbols into which {S, A} changes any given symbol are 
all distinct from those into which {/JSJ, JAJ} change it. Hence 
1S, A, JSJ, JAJ} is the direct product of {S, A} and {JSJ, JAJ}; 
it is therefore a group of order 3600. It is also, from its mode of 
formation, a transitive group of degree 36; and it interchanges the 
symbols in two and only two distinct sets of imprimitive systems, of 
which 
1, 2, 3, 4, 5, 6 and 1, 7, 13, 19, 25, 31 
may be taken as representatives. 


Now J does not interchange the 36 symbols in either of these 
systems, and therefore it cannot occur in {S, A, JSJ, JAJ}. 
Further 

J {S, A, JSJ, JAJ| J={S, A, JSJ, JAS}; 


and therefore {./, S, A} is a transitive group of degree 36 and order 
7200. Also, since J does not interchange the symbols in either of 
the two sets of imprimitive systems of {S, A, JSJ, JA/}, it follows 
that {J, S, A} is primitive. 


136. We have seen that, with a single exception, a s&-ply 
transitive group (£>2) cannot have an imprimitive self-conjugate 
sub-group ; while the example in the preceding section illustrates 
the occurrence of an imprimitive self-conjugate sub-group in a simply 
transitive primitive group. We will now consider, from a rather 
different point of view, the possibility of an imprimitive self- 
conjugate sub-group in a doubly transitive group. Let @ be a 
doubly transitive group of degree mn, and let H be an imprimitive 
self-conjugate sub-group of G. Suppose that m is the smallest 
number, other than unity, of symbols which occur in an imprimitive 
system ; and let 


B. 13 
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form an imprimitive system. Since @ is doubly transitive, it must 
contain a substitution S, which leaves a, unchanged and changes a, 
into @»,,, @ Symbol not contained in the given set. If S changes 
the given set into 


G1) Amis ceeeee » Am-1) 


SHS =H, 


this new set must form an imprimitive system for H. Also, since 
m is the smallest number of symbols that can occur in an imprimitive 
system, the two sets have no symbol in common except a. 


then, since 


Now a@,,,,; may be any symbol not contained in the original 
system. Hence it must be possible to distribute the mn symbols 
into sets of imprimitive systems of m each, such that every pair of 
symbols occurs in one system and no pair in more than one system. 
This implies that mn—1 is divisible by m—1, or that n—1 is 
divisible by m—1. 

Consider now a substitution of H which leaves a, unchanged. 


It must permute among themselves the remaining m-—1 symbols 


of each of the i! 
Mm — 


systems in which a, occurs. If a, is any 


other symbol, a similar statement applies to it. Now no two 
systems have more than one symbol in common. Hence every 
substitution, which leaves both a, and a, unchanged, must leave all 
the symbols unchanged. The sub-group H is therefore such that 
each of its substitutions displaces all or all but one of the symbols. 
Moreover the substitutions, which leave a, unchanged, permute 
among themselves the remaining symbols of each system in which 
a, occurs; therefore the order of H must be mnp, where p is a 
factor of m—1. 


It has been seen in § 112 that, for certain values of mn, groups 
satisfying these conditions actually exist. The doubly transitive 
groups, of degree p™ and order p™(p”—1) there obtained, have 
imprimitive self-conjugate sub-groups of orders p™(p—1) and p™. 


137. Ex. 1. Shew that a transitive group of order WV and 
degree 2n, which is imprimitive in respect of two systems of 2 
symbols each, must have a self-conjugate sub-group of order 3. 


Ex. 2. Shew that an imprimitive group of order Wp? and 
degree np, where p is an odd prime, which has p imprimitive 
systems of x symbols each, must contain a self-conjugate sub-group 
whose order is a multiple of p. 


Ex. 3. Shew that, if » is the smallest number of symbols in 
which a group G can be represented as a transitive group, then n* is 
the smallest number of symbols in which the direct product of a 
groups, simply isomorphic with G, can be represented as a transitive 


group. 
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Ex. 4. Prove that if a group G, of order WV, represented as a 
transitive substitution group, is imprimitive only when its degree is 
N; then either G is Abelian, or Y is the product of two distinct 
primes. (Dyck.) 

Ex. 5. Shew that if, in the tableau of p. 174, the sub-group 

hy yy Sas me 


is a self-conjugate sub-group H of the given group G, then, in each 
square compartment of the tableau, every horizontal line contains 
the same p symbols. 


Shew also that, if each square compartment of the tableau is 
regarded as a single symbol, the permutations of these symbols 


given by the tableau represents the group 2 in regular form. 
(Dyck.) 


13—2 


CHAPTER X. 


ON SUBSTITUTION GROUPS: TRANSITIVITY AND 
PRIMITIVITY : (CONCLUDING PROPERTIES. ) 


138. THE determination of all distinct transitive sub- 
groups of the symmetric group of m symbols has been carried 
out for values of n up to 12*. This investigation, if carried out 
for sufficiently great values of n, would involve the expression 
of all types of group in all possible transitive forms. 


From the point of view of one of the chief problems of pure 
group-theory, namely, the determination of all distinct types 
of group of a given order, this analysis of the symmetric group 
of n symbols is not a succinct process, as it continually involves 
the redetermination of groups which have been already ob- 
tained. Thus a simple group of degree mn, in which the symbols 
are permuted in m imprimitive systems of n each, would in 
this analysis have been already obtained as a group of degree m. 
With reference then to the more restricted problem of de- 
termining all types of simple groups, it would certainly be 
sufficient to find all primitive sub-groups of the symmetric 


group. 
139. We shall proceed to determine a superior limit to the 


order of a primitive group of degree n, other than the alter- 
nating or the symmetric group. 


* Jordan, Comptes Rendus, t. uxxm1 (1871), pp. 853—857; ib. t. uxxv 
(1872), pp. 1754—1757. 

And see the Bulletin of the New York Mathematical Society, Cole, 1st series, 
Vol. 11, pp. 184—190; 250—258: Miller, 1st series, Vol. 111, pp. 168, 169; 242— 
245: 2nd series, Vol. 1, pp. 67—72; 255—258: Vol. 11, pp. 138—145. Quarterly 
Journal of Mathematics, Cole, Vol. xxv1, pp. 372—388: Vol. xxv, pp. 35—50: 
Miller, Vol. xxv, pp. 99—118; Vol. xxvim1, pp. 193—231. These memoirs 
were all published between 1892 and 1896; in them further references will be 
found. 
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Let G be a primitive group of degree n, and suppose that G 
contains a sub-group H which leaves n — m symbols unchanged 
and is transitive in the remaining m. Since G@ is primitive, 1 
and the sub-groups conjugate to it must generate a transitive 
self-conjugate sub-group of G; and therefore there must be 
some sub-group H’, conjugate to H, such that the m symbols 
operated on by H and the m operated on by H’ are not all 
distinct. Suppose H’ is chosen so that these two sets of m 
symbols have as great a number in common as possible, say s; 
and represent by 


a, a, seeeeer > a;, > Y2> ereree ’ Ys> 


and Bi, Bas eeccece ? Bs; i> Y2> yan eg ? Ys 


where 7 + s =m, the symbols operated on by H and H’ respec- 
tively. Then {H, H’} isa transitive group in the 2r +s symbols 
a, 8, and y, which leaves unaltered all the remaining symbols 


of G. 


If Sis an operation of H which changes a, into a,, S7H’S 
does not affect a. Hence, unless S interchanges the a’s among 
themselves, the m symbols operated on by H’ and the m 
operated on by S7“H’S will have more than s in common. 
Every operation of H which changes one a into another must 
therefore interchange all the a’s among themselves; hence H 
must be imprimitive. 


If then H is primitive, s must be equal to m—1. In any 
case, if s=m-—1, {H, H’} is a doubly transitive and therefore 
primitive group of degree m+1, which leaves the remaining 
n—m—1 symbols of G unchanged. We may reason about this 
sub-group as we have done about H. Among the sub-groups 
conjugate to {H, H’}, there must be one at least which operates 
_ on m of the symbols displaced by {H, H’}. This, with {H, H’}, 
generates a triply transitive group of degree m+ 2, which 
leaves n — m — 2 symbols unchanged. Proceeding thus, we find 
finally that G itself must be (n— m+ 1)-ply transitive. 


140. If s is less than m—1, we may again deal with the 
sub-group {H, H’}, or H,, exactly as we have dealt with H. It 
is a transitive group of degree m, (>m), which leaves n — m, 
symbols unchanged. If, among the sub-groups conjugate to 
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H,, none operates on more than s, of the symbols affected by 
H,, and if H,’ is a suitably chosen conjugate sub-group, then 
{H,, H,’} is a transitive group of degree 2m,—s,, which leaves 
n— 2m, +s, symbols unchanged. Continuing this process, we 
must, before arriving at a group of degree n, reach a stage at 
which the number s, is equal to m,—1. 


For suppose, if possible, that among the groups conjugate 
to K, of degree p+o, none displaces more than o of the 
symbols acted on by K, while at the same time 2o+-c=n. If 


Qi; Ao, 0016 6:0 @ 5) Ap, Vi> Y2> eeeeee 9 Yo: 


and lott roy) eeeeee ) 8. Vi» Yao ceeees » Vo 


are the symbols affected by K and K’ respectively, then since @ is 
primitive, it must contain an operation S which changes @, into 
a Without at the same time changing all the a’s into a’s. If 
then we transform K’ by S, the two groups A’ and S74’S must 
operate on more than o common symbols, contrary to supposi- 
tion. 


- Hence G must in this case certainly contain a transitive 
sub-group of degree n—1, and therefore is itself at least 
doubly transitive’. 


141. Returning to the case in which # is primitive and G 
therefore (n-—m+1)-ply transitive, we at once obtain an 
inferior limit for m. We have seen, in fact, in Theorem IV, 
§ 110, that a group of degree n, other than the alternating or 
the symmetric group, cannot be more than (4n+1)-ply tran- 
sitive. Hence 


n—m+1>in+t+l, 
or m<2n. 


We may sum up these results as follows :— 


1 The results contained in §§ 139, 140 are due to Jordan (Liouville’s Journal, 
Vol. xv1, 1871) and Netto (Crelle’s Journal, Vol. crt, 1889). They have been 
extended by Marggraff: ‘“‘Ueber primitiven Gruppen mit transitiven Unter- 
gruppen geringeren Grades,” (Inaugural Dissertation, Giessen, 1892). With the 
notation used in the text, Marggraff shews that, unless the symbols affected by 
H can be divided into imprimitive systems of r symbols each, in at least r+1 
distinct ways, G will be (n—m+1)-ply transitive. In particular, if H is a 
cyclical group of degree m, G is (n—m+1)-ply transitive. He also shews that 
in any case m > jn. 
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THEOREM I. A primitive group G of degree n, which has a 
sub-group H that keeps n —m symbols unchanged and is transi- 
tive in the remaining m symbols, is at least doubly transite. If 
H is primitive and G does not contain the alternating group, m 
cannot be less than 2n, and G is (n—m-+1)-ply transitive. 


Corollary. The order of a primitive group of degree n 


eo . . 
ae a p’ where 2, 3, 5 si«- p are the distinct 


primes which are less than 2n. 


cannot exceed 


If q* is the highest power of a prime g that divides n!, the 
sub-groups of order g* of the symmetric group form a single 
conjugate set, and each of them must contain circular substitu- 
tions of order g. Hence if qg < 3n, it follows by the theorem 
that no primitive group of degree n, other than the alternating 
or the symmetric group, can contain a sub-group of order q*; 
and therefore g*7 is the highest power of g that can divide 
the order of the group. 


n42... The tad. of 2.8.0... p to n increases rapidly as n 
increases, and it is at once obvious that, when n> 7, this ratio is 
greater than unity; hence for values of n greater than 7, the 
symmetric group can have no primitive sub-group of order 
(n—1)!. 


The order of the greatest imprimitive sub-group of the 
symmetric group is @! C ) , Where a is the smallest factor of 


n. When n > 4, this is less than (n—1)!. 


The order of the greatest intransitive sub-group of the 
symmetric group, other than the sub-groups that keep one 
symbol fixed, is 2!(n—2)!. This is always less than (n —1)!. 


Hence when n>7, the only sub-groups of order (n—1)! of 
the symmetric group are the sub-groups which each keep one 
symbol fixed ; and these form a conjugate set of n sub-groups. 


When n=7, a sub-group of order (n—1)! must be intransi- 
tive, and therefore the same result holds in this case; this also 
is true when n is 3, 4, or 5. 
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Lastly, when n= 6, there may, by the foregoing theorem, 
be primitive sub-groups of order 5!. That such sub-groups 
actually exist may be verified at once by considering the 
symmetric group of 5 symbols. This group contains 6 cyclical 
sub-groups of order 5, and each of them is self-conjugate in a 
sub-group of order 20. Hence, since the only self-conjugate 
sub-group contained in the symmetric group of degree 5 is the 
corresponding alternating group, the symmetric group of degree 
5 can be expressed as a doubly transitive group of degree 6. 
The symmetric group of degree 6 therefore contains a set of 6 
conjugate doubly transitive sub-groups of order 5!, which are 
simply isomorphic with the intransitive sub-groups that each 
keep one symbol fixed. Finally, if the 12 sub-groups of order 
5!, which are thus accounted for, do not exhaust all the sub- 
groups of this order, any other would have in common with 
each of the 12 a sub-group of order 20; and therefore the 
operations of order 3 contained in it would be distinct from 
those in the previous 12. But these clearly contain all the 
operations of order 3 of the symmetric group, and therefore 
there can be no other sub-groups of order 5!. Hence :— 


THEOREM II. The symmetric group of degree n (n+ 6) 
contains n and only n sub-groups of order (n—1)!, which form a 
single conjugate set. The symmetric group of degree 6 contains 
12 sub-groups of order 5!, which are simply isomorphic with one 
another and form two conjugate sets of 6 each. 


143. We shall now discuss certain further limitations on 
the order of a primitive group of given degree. Though it will 
be seen that these do not lead to general results, similar to that 
given by Theorem I, § 141, yet in many special cases they are 
of considerable assistance in determining the possible existence 
of groups of given orders and degrees. 


We consider first a group G of order NV and of prime degree p. 
If G is not cyclical, it must contain substitutions which keep 
only one symbol unchanged. For let P be a substitution of G of 
order p. The only substitutions permutable with P are its own 
powers (§ 107); and the only substitutions permutable with {P} 
are substitutions which keep one symbol unchanged and are regu- 
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lar in the remaining p — 1 symbols (§ 112)*. Now if the only sub- 


stitutions permutable with {P} are its own, then {P} is one of . 
conjugate sub-groups; and these contain NV (1 -5) substitu- 


tions of order p. In this case, G would contain exactly 
substitutions whose orders are not divisible by p. But this is 
clearly impossible, since =f is the order of a sub-group which 


keeps one symbol unchanged, and there are p such sub-groups. 
Hence there must be substitutions in G, other than those of 
{P}, which are permutable with {P}; and each of these substi- 
tutions keeps one symbol unchanged. 


It follows from § 134 that G, if soluble, must contain a 
self-conjugate sub-group of order p: therefore no group of 
prime degree p, which contains more than one sub-group of — 
order p, can be soluble. 


If 1 +p is the number of sub-groups of order p contained 
in G, then 


= 
N=p*—-( + kp), 


where d is a factor of p—1; and a sub-group of order p is 
transformed into itself by every substitution of a cyclical 
sub-group of order po" When d is odd, a substitution which 
generates this cyclical sub-group is an odd substitution; and 
G then contains a self-conjugate sub-group of order $1. 


If both p and $(p—1) are primes, the order of a group of 
degree p, which contains more than one sub-group of order p, 
must be divisible by $(p—1). For if the order is not divisible 
by 4(p—1), the order of the sub-group, within which a sub- 
group of order p is self-conjugate, must be 2p. Now the 


* It is shewn in § 112 that {P} is permutable with a circular substitution of 
p-1symbols, which leaves one symbol a, unchanged. If there are other sub- 
stitutions which leave a, unchanged and are permutable with {P}, some such 
substitution will leave two symbols unchanged. This is clearly impossible, 
Hence the group of order p (p—1) is the greatest group of the p symbols in which 
{P} is self-conjugate. 
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substitutions of order 2 in this sub-group consist of $(p—1) 
transpositions, so that they are odd substitutions. The group 
must therefore contain a self-conjugate sub-group in which 
these operations of order 2 do not occur. In such a sub-group, 
the only operations permutable with those of a sub-group of 
order p are its own; and we have seen that no such group can 
exist. The order of the group must therefore, as stated above, 
be divisible by $(p — 1). 


144. Let G be a primitive group of degree n and order V; 
and let p be a prime, which is a factor of V but not of either n 
orn—1. Moreover, suppose that n is congruent to v, mod. p; 
v being less than p. If n < p?, and if p* is the highest power of 
p which divides NV, the sub-groups of order p* must be Abelian 
groups of type (1, 1,... to a units). In fact, such a sub-group 
must be intransitive, and, since n< p?, the number of symbols 
in each transitive system of the sub-group must be p. In 
any case the number of symbols left unchanged by a sub-group 
of order p* is of the form kp + v. 


Suppose now that, in a sub-group of order = which leaves 
one symbol unchanged, a sub-group H of order p* is one of 


conjugate sub-groups. Then each of the n sub-groups 


p*mn 
that keep one symbol unchanged contains a sub-groups of 


order p*; and each sub-group of order p* belongs to kp+v 
sub-groups that keep one symbol unchanged. Hence G 


contains aD) sub-groups of order p*, and any one of 
them, say H, is contained self-conjugately in a sub-group J of 
order p*m(kp +v). This sub-group J must interchange transit- 
ively among themselves the kp +v symbols left unchanged by 
H. For let a and b be any two of these symbols; and let S be 
an operation which changes a into b and transforms H into H’. 
There must be an operation 7’ which keeps 6 unchanged and 
transforms H’ into H, since in the sub-group that keeps 6 
unchanged there is only one conjugate set of sub-groups of 
order p*. Then STZ changes a into b and transforms H into 
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itself; and therefore J contains substitutions which change a 
into b. Now it may happen that the existence of a sub-group 
such as J requires that G is either the alternating or the sym- 
metric group. When this is the case, we infer that the order 
of a primitive group of degree n, other than the alternating or 
the symmetric group, cannot be divisible by p. 


145. As a simple example, we will shew that the order of 
a group of degree 19 cannot be divisible by 7, unless it contains 
the alternating group. It follows from Theorem I, Corollary, 
§ 141, that the order of a group of degree 19, which does not 
contain the alternating group, cannot be divisible by a power of 7 
higher than the first, and that if the group contains a substitution 
of order 7, the substitution must consist of two cycles of 7 symbols 
each. The sub-group of order 7 must therefore leave 5 symbols 
unchanged ; hence, by § 144, it must be contained self-conjugately in 
a sub-group whose order is divisible by 5. Now (§ 83) a group of 
order 35 is necessarily Abelian ; so that the group of degree 19 must 
contain a substitution of order 5 which is permutable with a sub- 
stitution of order 7. Such a substitution of order 5 must clearly 
consist of a single cycle, and its presence in a group of degree 19 
requires that the latter should contain the alternating group. It 
follows that, if a group of degree 19 does not contain the 
alternating group, its order is not divisible by 7. 


As a second example, we will determine the possible forms for 
the order of a group of degree 13, which does not contain the alter- 
nating group. It follows, from Theorem I, Corollary, § 141, that 


the order of such a group must be of the form 2*. 3°. 5”. 11°.13; 
where a, B, y, 6 do not exceed 9, 4, 1, 1 respectively. 


Suppose, first, that y is unity, if possible. A substitution of 
order 5 must consist of two cycles of 5 symbols each; and a sub- 
group of order 5 must therefore be self-conjugate in a sub-group of 
order 15. There is then a substitution of order 3 which is per- 
mutable with a substitution of order 5. Such a substitution must, 
as in the last example, consist of a single cycle; and its existence 
would imply that the group contains the alternating group. It 
follows that, for the group as specified, y must be zero. 


Suppose, next, that 3 is unity, if possible. The group is then 
(Theorem I, § 141) triply transitive ; and the order of the sub-group, 
that keeps two symbols fixed and is transitive in the remaining 11, 
is 2*.3°.11; and this sub-group must contain more than one sub- 
group of order 11. We have seen in § 143 that no such group can 
exist. Therefore 6 must be zero. 


The two smallest numbers of the form 2"3" which are congruent 
to unity, mod. 13, are 3° and 2*3?; and every number of this form, 
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which is congruent to unity, mod. 13, can be written (243)3%. 
Hence the order of every group of order 13, which contains no odd 
substitution, must be of the form (2*3*)”. 3.2.13, where z is 2, 3 
or 6. Since 34 is the highest power of 3 that can divide the order 
of the group, the only admissible values of a and y are (i) «=0, 
Mei (1) a 2,9 — 03 fin) &— 1s y= 0: 

Suppose, first, that «=0,y=1. The order of the group is 
2. 3°. 13, 34.13, or 2. 3*.13. There must be 13 sub-groups of order 
3* (or 3°), and since 13 is not congruent to unity, mod. 9, there must 
be sub-groups of order 3° (or 3°) common to some two sub-groups of 
order 3* (or 3°). Such a sub-group must be self-conjugate (Theorem 
IIT, § 80). This case therefore cannot occur. 


Next, suppose that «=2, y=0. Then z must be 2, and the 
order of the group is 2°. 3.13. Now it is easy to verify that 2°. 3* 
is not a possible order either for an intransitive or for an imprimitive 
group of degree 12. The order of a sub-group of the group of degree 
12 which keeps one symbol fixed is 2’. 3°. This sub-group can have 
no substitution consisting of a single cycle of 3 symbols, since no 
such substitution can occur in the original group. Hence it must 
permute the 11 symbols in two transitive sets of 9 and 2 symbols 
respectively. It must therefore contain a self-conjugate sub-group 
of order 2°. 3° which keeps 3 of the 12 symbols unchanged; and this 
sub-group must occur self-conjugately in 3 of the 12 sub-groups which 
keep one symbol unchanged. This however makes the group of 
degree 12 imprimitive, contrary to supposition. Hence this case 
cannot occur, 


Finally, then, the only possible values of w and y are x=1, 
y=0. The order of a group of degree 13, which has more than 
one sub-group of order 13 and no odd substitutions, is 2°. 3?. 13, 
24. 3°. 13, or 2°. 3°. 13. The order of a group of order 13 with odd 
substitutions will be twice one of the preceding three numbers. 


A further and much more detailed examination would be neces- 
sary to determine whether groups of degree 13 correspond to any or 
all of these orders. We shall see in Chapter XIV that there is a 
group of degree 13 and order 2*.3°.13; and M. Jordan!’ states 
that this is the only group of degree 13 which contains more than 
one sub-group of order 13. 


Ex. If n(>3) and 27+ 1 are primes, shew that there is no 
triply transitive group of degree 2n + 3 which does not contain the 
alternating group. 


146. Asa further illustration, and for the actual value of 
the results themselves, we proceed to determine all types of 
primitive groups for degrees not exceeding 8. 


1 Comptes Rendus, t. xxv (1872), p. 1757. 
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(i) n=3., 

The symmetric group of 3 symbols has a single sub-group, 
viz. the alternating group. Both these groups are necessarily 
primitive. 

(ii) n=4. 

Since a group whose order is the power of a prime cannot 
(§ 124) be represented in primitive form, a primitive group of 
degree 4 must contain 3 as a factor of its order. Hence the 
only primitive groups of degree 4 are the symmetric and the 
alternating groups. 

(i) n= 65. 

Since 5 is a prime, every group of degree 5 is a primitive 
group. The symmetric group of degree 5 contains 6 cyclical 
sub-groups of order 5; therefore, by Sylow’s theorem, every 
group of degree 5 must contain either 1 or 6 sub-groups of 
order 5. Since the alternating group is simple, every sub- 
group that contains 6 sub-groups of order 5 must contain the 
alternating group. Hence, besides the alternating and the 
symmetric groups, we have only sub-groups which contain a 
sub-group of order 5 self-conjugately. In such a group, an 
operation of order 5 can be permutable with its own powers 
only. Hence (§ 112) the only sub-groups of the type in question 
other than cyclical sub-groups, are groups of orders 20 and 10. 
These are defined by 


{(12345), (2354)}, 
and {(12345), (25) (34)}. 
(iv) n=6. 


If the order of a primitive group of degree 6 is not divisible 
by 5, the order must (§ 141) be equal to or be a factor of 2°. 3. 
The order of a sub-group that keeps one symbol fixed is equal to 
or is a factor of 2%, Hence the sub-group must keep two symbols 
fixed, and therefore (§ 128) the group cannot be primitive. Hence 
the order of every primitive group of degree 6 is divisible by 
5, and every such group is at least doubly transitive. The 
symmetric group contains 36 sub-groups of order 5; and hence, 
since no transitive group of degree 6 can contain a self- 
conjugate sub-group of order 5, every primitive group of degree 
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6, which does not contain the alternating group, must have 6 
sub-groups of order 5. 


If G is such a group, the sub-group of G that keeps one 
symbol fixed is a transitive group of degree 5 which has a 
self-conjugate sub-group of order 5. If this transitive group 
of degree 5 were cyclical, every operation of the doubly transi- 
tive group G of order 30 would displace all or all but one of the 
symbols. Since 6 is not the power of a prime, this is impossible 
(§ 105). Hence the sub-group of G which keeps one symbol 
fixed must be of one of the two types given above; and the order 
of G must be 120 or 60. Now we have seen, in § 142, that the 
symmetric group of degree 6 has a single conjugate set of primi- 
tive sub-groups of order 120 and a single set of order 60. Hence 
there is a single type of primitive group of degree 6, correspond- 
ing to each of the orders 120 and 60. These are defined by 

{(126) (354), (12345), (2354)}, 
and \(126) (354), (12345), (25) (34)}: 


where the last two substitutions in each case generate a sub- 
group that keeps one symbol unchanged. 

Vy. t. 

Every transitive group of degree 7 is primitive; and if it 
does not contain the alternating group, its order must (§ 141) be 
equal to or be a factor of 7.6.5.4, A cyclical sub-group of order 
7 must (footnote, p. 201), in a group of degree 7 that contains 
more than one such sub-group, be self-conjugate in a group of 
order 21 or 42. Now neither 20 nor 40 is congruent to unity, 
mod. 7; and therefore 5 cannot be a factor of the order of such 
a group. Hence the order of a transitive group of degree 7, 
that does not contain the alternating group, is equal to or is a 
factor of 7.6.4. But 8 is the only factor of 7.6.4 which is 
congruent to unity, mod. 7; and therefore, if the group contains 
more than one sub-group of order 7, its order must be equal to 
7.6.4 and it must contain 8 sub-groups of order 7. 


Such a group must be doubly transitive; for if a sub-group 
of order 24 interchanges the symbols in two intransitive 
systems, it is easily shewn that the group would contain 
substitutions displacing three symbols only, and therefore that 
it would contain the alternating group. <A sub-group of degree 


- 


146] OF DEGREES SIX AND SEVEN 207 


24, transitive in 6 symbols, must contain 4 sub-groups of order 
3. For if it contained only one, it would necessarily have 
circular substitutions of 6 symbols, and the group of order 
7.6.4 would have a self-conjugate sub-group of order 7.6.2; 
which is not the case. Hence the sub-groups of order 24 must 
be simply isomorphic with the symmetric group of 4 symbols. 
The actual construction of the group is now reduced to 
a limited number of trials. A group of degree 6, simply 
isomorphic with the symmetric group of 4 symbols, and con- 
taining no odd substitutions, may always be represented in the 
form 
{(234) (567), (2763) (45)} ; 
and we have to find a circular substitution of the seven symbols 
1, 2, 3, 4, 5, 6, 7 such that the group generated by it shall be 
permutable with this group. Moreover since, in the required 
group, every operation of order 3 transforms some operation of 
order 7 into its square, we may assume without loss of generality 
that the circular substitution of order 7 contains the sequence 
..12.. and is transformed into its own square by (234) (567). 
There are only three circular substitutions satisfying these 
conditions, viz. . 
(1235476), 
(1236457), 
and (1237465). 


It appears on trial that the group generated by the first of 
these is not permutable with the sub-group of order 24, while 
the groups generated by the other twoare. There are therefore 
just two groups of order 7.6.4 which contain the given group 
of order 24. Now in the symmetric group of 7 symbols, a 
sub-group of order 7.6.4 must, from the foregoing discussion, 
be one of a set of 30 conjugate sub-groups. These all enter in 
the alternating group; and therefore, in that group, they must 
form two sets of 15 conjugate sub-groups each. Each of these 
contains 7 sub-groups of the type 

{(234) (567), (2763) (45)} ; 
and the alternating group contains a conjugate set of 105 such 
such sub-groups. Hence each sub-group of this set will enter 
in two, and only in two, sub-groups of the alternating group of 
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order 7.6.4; and in the symmetric group these two sub-groups 
are conjugate. Finally then, the sub-groups of order 7.6.4 
form a single conjugate set in the symmetric group. They are 


defined by 
{(1236457), (234) (567), (2763) (45)}, 


the two latter substitutions giving a sub-group that keeps 
one symbol fixed. 

These groups are simple; for since they are expressed as 
transitive groups of degree 7, there can be no self-conjugate 
sub-group whose order divides 24, while it is evident that a 
self-conjugate sub-group that contains an operation of order 7 
must coincide with the group itself. Also since there are 8 
sub-groups of order 7, these groups can be expressed as doubly 
transitive groups of eight symbols. 


A group of degree 7, which has only one sub-group of order 
_ 7, must either be cyclical or be contained in the group of order 
7.6 given by § 112. Such groups are defined by 


((1284567), (243756)}, 
or {(1234567), (235) (476)}, 
or {(1284567), (27) (45) (36)}. 


The simple group of order 168, which here occurs as a 
transitive group of degree 7, is the only simple group of that 
order. For, if possible, let there be a simple group G of order 
168 and of a distinct type from the above. It certainly cannot 
be expressed as a group of degree 7; and therefore it must 
have 21 sub-groups of order 8. If two of these sub-groups 
have a common sub-group of order 4, it must be contained 
self-conjugately (§ 80) in a sub-group of order 24 or 56; and 
this is inconsistent with the suppositions made. If on the 
other hand, 2 is the order of the greatest sub-group common 
to two sub-groups of order 8, such a common sub-group of order 
2 must, on the suppositions made, be self-conjugate in a sub- 
group of order 12. But a group of order 12, which has a self- 
conjugate operation of order 2, must have a self-conjugate 
sub-group of order 3; and therefore G would only contain 7 
sub-groups of order 3, and could be expressed as a group of 
degree 7; contrary to supposition. No other supposition is 
possible with regard to the sub-groups of order 8, since 21 is 
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not congruent to unity, mod. 8. Hence, finally, there is no 
simple group of order 168 distinct from the group of degree 7. 

in = 8. 

The order of a primitive group of degree 8, which does not 
contain the alternating group, cannot (§ 141) be divisible by 5. 
Suppose, if possible, that the order of such a group is 2***.3 
(a=0, 1, 2,3). A substitution of order 3 must consist of two 
cycles; and therefore the sub-group of order 2*3, which keeps 
one symbol fixed, must interchange the others in two intransi- 
tive systems of 3 and 4 respectively. In this sub-group, a 
sub-group of order 3 must be one of four conjugate sub-groups, 
and therefore a is either 2 or 3. Now a group of order 2°.3 
or 2°.3 is soluble, as is seen at once by considering the sub- 
groups of order 2° or 2°. Hence a primitive group of order 2°.3 
or 2°.3 must contain a transitive self-conjugate sub-group of 
order 8, whose operations are all of order 2. 


If 7 is a factor of the order of the group, the group must be 
doubly transitive; and from the case of n=7, it follows that 
the possible orders are 8.7, 8.7.2, 8.7.3, 8.7.6, and 
8.7.6.4. Moreover, for the orders 8.7.2 and 8.7.6, the 
group contains odd substitutions and therefore it contains self- 
conjugate sub-groups of order 8.7 and 8.7.3 respectively. 


A simple group of order 8.7.3 is necessarily identical in 
type with the group of this order determined on p. 208; 
and a group of order 8.7.3, which is not simple, is certainly 
soluble. Hence a composite group of order 8.7.3, and 
a group of order 8.7.6 which does not contain a simple 
sub-group of order 8.7.3, must both, if expressible as pm- 
mitive groups of degree 8, contain transitive self-conjugate 
sub-groups of order 8 whose operations are all of order 2. 
With the possible exception then of groups of order 8.7.6. 4, 
the only primitive groups of degree 8, which do not contain a 
self-conjugate sub-group of order 8, are the simple group of 
order 8.7.3 and any group of 8.7.6 which contains this self- 
conjugately. We have seen that the simple group of order 
8.7.3 contains a single set of 8 conjugate sub-groups of order 
21, and therefore it can be expressed in one form only as a 


group of degree 8. A group of degree 8 and order 8.7.6, 
B. 14 
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which contains this self-conjugately, can occur only in one 
form, if at all; for, if it exists, it must be triply transitive, and 
it must be given by combining the simple group with any 
operation of order 2 which transforms one of its operations of 
order 7 into its own inverse. That such a group does exist has 
been shewn in § 113. These two groups are actually given by 


{(15642378), (1234567), (243756)}, 
and {(1627) (5438), (1284567), (235) (476)} ; 


where in each case the last two substitutions give a sub-group 
that keeps one symbol fixed. 


To avoid unnecessary prolixity we shall, in dealing with the 
primitive groups of degree 8, which contain a transitive self- 
conjugate sub-group of order 8 whose operations are all of 
order 2, anticipate some of the results of the next Chapter. It 
will there be shewn that, if G is an Abelian group of order N, 
and L a group of isomorphisms (§ 156) of G, a group of degree V 
may be formed which has a transitive self-conjugate sub-group 
simply isomorphic with G, while at the same time the sub- 
group that keeps one symbol fixed is isomorphic with L (§ 158). 
The group of isomorphisms of a group of order 8, whose 
operations are all of order 2, will be shewn in Chapter XIV to 
be identical with the simple group of order 168. This group 
has a single set of conjugate sub-groups of each of the orders 7 
and 21, but no sub-group of order 14 or 42. When expressed 
as a group of degree 7, it has a single set of conjugate sub- 
groups of order 12 (or 24) which leave no symbols unchanged. 
There are therefore primitive groups of degree 8 containing 
transitive self-conjugate sub-groups of order 8 corresponding 
to each of the orders 8:7, 8.7.3, 2°.3, 26.3, and 8.7.6.4; 
and in each case there is a single type of such group. 


It remains to determine whether there can be any type 
of group, of degree 8 and order 8.7.6.4, other than that just 
obtained. Such a group must be one of 15 conjugate sub- 
groups in the alternating group of degree 8, and can therefore 
itself be expressed as a group of degree 14. Since it 
certainly cannot be expressed as a group of degree 7, the 
group of degree 14 must be transitive. The order of the sub- 
group, in this form, that keeps one symbol fixed is 2°.3. If 
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this keeps only one symbol unchanged, it must interchange the 
remaining symbols in four intransitive systems of 3, 3, 3 and 4 
respectively, since a substitution of order 3 must clearly consist 
of 4 cycles. A group of order 2°.3 cannot however be so 
expressed ; and therefore the sub-group that keeps one symbol 
fixed must keep two fixed. The group of degree 14 is therefore 
imprimitive, and the group must contain a sub-group of order 
2°.3. Moreover, since the group cannot be expressed as a 
transitive group of degree 7, this sub-group of order 2°.3 must 
contain (§ 123) a sub-group which is self-conjugate in the group 
itself. The order of this sub-group must be a power of 2; 
since the group is primitive, it cannot be less than 2%. On the 
other hand, the order cannot be greater than 2* since the group 
contains a simple sub-group of order 7.6.4. Hence finally, 
there is no type of primitive group of degree 8 and order 
8.7.6.4 other than that already obtained. 


There is no difficulty now in actually constructing the 
primitive groups of degree 8 which have a self-conjugate sub- 
group of order 8. They are all contained in the group of order 
8.7.6.4; and this may be constructed from a sub-group 
keeping one symbol fixed, which is given on p. 208, by the 
method of § 109. It will thus be found that the group in 
question is given by 

{(81) (26) (37) (45), (1236457), (234) (567), (2763) (45)} ; 
while the groups of orders 8.7.3 and 8.7 are given by omitting 
respectively the last and the two last of the four generating 
operations. 


The construction of the two remaining groups, of order 2°.3 
and 2°.3, is left as an exercise for the reader. 


It may be noticed that it has been shewn incidentally, in 
discussing above the possibility of a second type of group of 
degree 8 and order 8.7.6.4, that the alternating group of 
degree 8 can be expressed as a doubly transitive group of 
degree 15. 

It may similarly be shewn that the alternating group of 
degree 7 can be expressed as a doubly transitive group of 
degree 15, and the alternating group of degree 6 as a simply 
transitive and primitive group of degree 15. 

14—2 
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147. We have seen in § 105 that a doubly transitive group, 
of degree n and order n(n — 1), can exist only when v is the 
power of a prime. For such a group, the identical operation is 
the only one which keeps more than one symbol unchanged. 
We shall now go on to consider the sub-groups of a doubly 
transitive group, of degree n and order n(n — 1)m, which keep 
two symbols fixed. The order of any such sub-group is m; 
since the group contains operations changing any two symbols 
into any other two, the sub-groups which keep two symbols 
fixed must form a single conjugate set. 


Suppose first that the sub-group, which keeps two symbols 
unchanged, displaces all the other symbols. The sub-group that 
keeps a and 6 unchanged cannot then be identical with that 
which keeps c and d unchanged, unless the symbols ¢ and d are 
the same pair as a and b. Since there are 4n(n—1) pairs 
of n symbols, the conjugate set contains n(n — 1) sub-groups ; 
and each sub-group of order m keeping two symbols fixed 
must be self-conjugate in a sub-group of order 2m, which 
consists of the operations of the sub-group of order m and of 
those operations interchanging the two symbols that the sub- 
group of order m keeps fixed. 


Suppose next that all the operations of a sub-group /, 
which keeps two symbols fixed, keep 2 symbols fixed, while 
none of the remaining n — # symbols are unchanged by all the 
operations of H. From « symbols 47(@—1) pairs can be 
formed, and therefore the sub-group that keeps one pair un- 
changed must keep 4v(#—1) pairs unchanged. In this case, 


n(n — 1) 
«(x — 1) 
m, and H is therefore self-conjugate in a group K of order — 
a(x—1)m. The operations of this sub-group which do not | 
belong to H interchange among themselves the # symbols that 
_ are left unchanged by H. Now since the group itself is doubly 
transitive, there must be operations which change any two of 
these w# symbols into any other two; and any such operation 
being permutable with H must belong to K. Hence if we 
consider the effect of K on the w symbols only which are left 
unchanged by H, K reduces to a doubly transitive group of 


the conjugate set contains distinct sub-groups of order 
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degree w and order «(x—1). It follows that z must be a prime 
or the power of a prime. 


148. The preceding paragraph suggests the combinatorial 


n(n —1) 


problem of forming from n distinct symbols mGs1 sets of «x 


symbols, such that every pair of symbols occurs in one set of x and 
no pair occurs in more than one. 

There is one class of cases in which a solution of this problem is 
given immediately by the theory of Abelian groups. Let @ be an 
Abelian group of order p”, where p is a prime, and type (1, 1, ...... 


m™ — 
to m units). We have seen, in § 49, that G has Mit 


p-l 
™_ |. p™i_] fi 
—,— sub-groups of order p®. Now any pair 


sub-groups of 


ane © i 
order p, and re a 


of sub-groups of order p generates a sub-group of order p’, and there- 
fore every pair of sub-groups of order p occurs in one and only one 
sub-group of order p*. Moreover, every sub-group of order p? contains 
p+1 sub-groups of order p. When p is a prime and m any in- 


teger, it is therefore always possible to form from ea symbols 
p™ Ave l ; ieee pet ; 
a wa sets of p+1 symbols each, such that every pair of 


the symbols occurs in one set of p +1 and no pair occurs in more 
than one set. 


Supposing that, for given values of » and 2, such a distribution 
is possible, it is still of course an open question as to whether there 
is a doubly transitive substitution group of the x symbols, such that 
every substitution which keeps any two symbols unchanged keeps 
also unchanged the whole set of x in which they occur. When a is 
greater than 3, the question as to the existence of such groups is 
one which still remains to be investigated. There is however an 
important class of groups, to be considered later (Chapter XIV), 
that possess a closely analogous property. These groups are doubly 
transitive ; and from the x symbols upon which they operate, we can 

n(n—1) 
form ———~ 
a («—1) 
substitutions of the group: the sets being such that every pair 
occurs in one set and no pair in more than one set. 


If x(n—1)m is the order of such a group, and if H is a 
sub-group of order m which keeps a given pair fixed, then H must 
interchange among themselves the remaining 2-2 symbols of that 
set of « which contains the pair kept unchanged by H. /H contains, 
as a self-conjugate sub-group, the group 4 which leaves every symbol 
of the set of « unchanged ; and if m” is the order of this sub-group, 
while m=m'm", then m’ is the order of the group to which H 


sets of x, that are interchanged transitively by the 
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reduces when we consider its effect only on the x-2 symbols. Now 
h is self-conjugate in the group X that interchanges all the symbols 
of the set of « among themselves. But since the original group is 
doubly transitive, it must contain substitutions which change any 
two of the set of x into any other two, and every such substitution 
must belong to AK. Hence A must be doubly transitive in the x 
symbols, and therefore finally the order of the group, to which K 
reduces when we consider its effect on the « symbols only, is 
a(a—1)m', Since the order of , which keeps unchanged each of 
the « symbols is m”, the order of K is a («#—1)m. 


149. When «=3, m must be of the form 64+ 1 or 6% + 3, since 
otherwise aie would not be an integer. The substitutions of 
a doubly transitive group of degree n, which possesses a complete 
set of 1. (n — 1) triplets, must be such that every substitution which 
leaves two given symbols unchanged also leaves a third definite 
symbol unchanged. — 


The smallest possible value of m is 7; and the group of Ex. 2, 
§ 35, which is one of the groups obtained in § 146, satisfies all the 
conditions. In fact, the group is clearly a doubly transitive group 
of degree 7; and since its order is 7.6.4, the order of the sub- 
group which keeps two symbols fixed is 4. Now in the sub-group 
{(267) (345), (23) (47), 
which keeps one symbol fixed, the only operations that keep 1 and 


2 unchanged are 
(35) (67), (36) (57), (37) (56). 


These with identity form a sub-group of order 4, which must 
therefore be the sub-group that keeps three symbols fixed. The 
complete set of triplets in this case is 

| 124, 137, 156, 235, 267, 346, 457. 


The next smallest value of 7 is 9, and in this case again, a group 
with the required properties exists. 


Ex. Shew that the group 
{(26973854), (456) (798)} 
is an imprimitive group of order 48, each imprimitive system 
containing two symbols; and that the sub-group, which keeps the 
symbols of one imprimitive system unchanged, is isomorphic with 
the symmetric group of three symbols. Prove that this group is 
permutable with 
{(123) (456) (789), (147) (258) (369)}, 
and thence that 


{(123) (456) (789), (26973854), (456) (798)}, 


is a doubly transitive group of degree 9, which possesses a complete 
set of 12 triplets. 
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The reader is not to infer from the examples given that, when 
n is of the form 64+1 or 64+ 3, there is always a doubly transitive 
group of degree n which possesses a complete set of triplets. It is 
a good exercise to verify that there is no such group when » is 13. 


The case n = 13, x =4 is the simplest case that can occur of the 
division of » symbols into sets of « in the manner of § 148 when x 
is greater than 3. We shall see in Chapter XIV that there is a 
doubly transitive group of degree 13 such that from the 13 symbols 
permuted by the group a complete set of 13 quartets can be 
formed, which are themselves permuted by the operations of the 
group. Of the operations forming a sub-group that keeps two given 
symbols fixed, half will keep fixed the two other symbols, which form 
a quartet with the two given symbols, and half will permute them. 


On the question of the independent formation of a complete set 
of triplets of m symbols, and in certain cases of the group of 
degree n which interchanges the triplets among themselves, refer- 
ence may be made to the memoirs mentioned in the subjoined 
footnote’. 


150. We shall conclude the present Chapter with some 
applications of substitution groups, which enable us to complete 
and extend certain earlier results. 


We have seen in § 107 that the substitutions of n symbols, 
which are permutable with each of the substitutions of a 
regular substitution group G of order x of the same n symbols, 
form another regular substitution group of order x; and that, 
if G is Abelian, the latter group coincides with G. Hence the 
only substitutions of n symbols, which are permutable with a 
circular substitution of the n symbols, are the powers of the 
circular substitution. 


Let now S be a regular substitution of order m, in mn 
symbols. It must permute the symbols in n cycles of m 
symbols each; and so we may take 


If 7' is permutable with S, and if it changes a,» into dy9, it 
clearly must permute the m symbols 


Ary, Arg, rere > Arm 


1 Netto: ‘‘Substitutionentheorie,” pp. 220-—235; ‘‘ Zur Theorie der Tripel- 
systeme,” Math. Ann. Vol. xxi, (1892), pp. 143—152. Moore: ‘ Concerning 
triple systems,” Math. Ann, Vol. xx111, (1893), pp. 271—285. Heffter: ‘‘ Ueber 
Tripelsysteme,” Math. Ann., Vol. xurx, (1897), pp. 101—112. 
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among themselves; and therefore, so far as regards its effect on 
these m symbols, 7’ must be a power of 


Cintas A 
Again, if 7’ changes a,» Into sg, 1t must change the set 
: Uy, Aygy veeees >» Urms 
into the set 
15 Ose, eereeee > Asm 3 


as otherwise it would not be permutable with S. 


Now the totality of the substitutions of the mn symbols, 
which are permutable with S, form a group G,. This group 
must, from the properties of 7’ just stated, be imprimitive, 
interchanging the symbols in ” imprimitive systems of m 
symbols each; and the symbols in any cycle of S will form an 
imprimitive system. Moreover, the self-conjugate sub-group 
H of this group, which permutes the symbols of each system 
among themselves, is the group of order m” generated by 


ES) RG Geet hig) (Oars LN Re a he Ga ae): 
In fact, every substitution of this group is clearly per- 
mutable with S; and conversely, every substitution of the mn 


symbols, which does not permute the systems, must belong to 
this group. 


Gy . : 
Now FT is capable of representation as a group of degree 
n, for none of its operations changes every one of the n systems 


into itself Hence n! is the greatest possible order of Gs On 


Hs 
the other hand, every operation of the group, generated by 
AE Rag Gn) (gta sc TINS Falpeeee Civ Gem tee Guinn) 
and (G41 Gq) (Aye Qeq). +... (Qim Gem); 


is clearly permutable with S; and this group, being simply 
isomorphic with the group 
1 Gidgs...s. Gn), (a,a2)}, 

Le. with the symmetric group of n symbols, 1s of order n!. 

Hence, finally, the order of Gg is m”.n!; and G, is gene- 
rated by 

(dae cc. Cg Falak ness se eee Clint es aa): 
(11 G21) (Ayz Gag) +0 (Gym Gem); 

and (ee: G.). 
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151. Let h, be a regular substitution group of order m in 
the m symbols 


and let S,, be one of its substitutions. Then if for r we write 
ey ya Wap Ae ,n, and if for each value of ¢ from 1 to m we 
form the substitution 

Bibag. cis: Sne> 
the set of m substitutions so formed constitute an intransitive 
group H in the mn symbols, simply isomorphic with h,. 

The method of § 150 can be applied directly to determine 
the group Gy of degree mn, each of whose substitutions are 
permutable with every substitution of H. The order of this 
group is m”.n!; and it can be generated by 


Cait ae as (hig Og on: HN ree (1 pei) Mel SS (aes 
(4, Mm) (ya Mo2). +++ (Aim 42m); 
and hy; 
where h,’ is the regular group in the symbols 
iy, One; oso » Aim; 


each of whose substitutions is permutable with every substitu- 
tion of h,. 


This group will contain H if, and only if, H is an Abelian 
group. Moreover, the only self-conjugate substitutions of Gy 
are the substitutions of H contained in it. For if Gy 
contained other self-conjugate substitutions S,, S,, ..., every 
operation of Gy, would be permutable with every operation of 
the group {H, S,, S,, ...}. Now G, is transitive, so that 
S,, S., .... must displace all the symbols; and _ therefore 
{H, S,, S,, ...} has all its substitutions regular in the mn 
symbols. If its order is mn,, where n= 7M, the order of the 
group formed of all the substitutions of mn symbols, which are 
permutable with each of its operations, is (mn). n,!; and this 
number is less than m”.n!. Thus the supposition, that Gy has 
self-conjugate operations other than the operations of H which 
it contains, leads to an impossibility. 


By means of this and the preceding section, the reader will 
have no difficulty in forming the group of n symbols, which is 
permutable with every operation of any given group in the n 
symbols. 
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152. If a group, whose order is a power of a prime p, be 
expressed as a transitive substitution group, its degree must 
also be a power of p (§ 123). Moreover such a group, since it 
has self-conjugate operations, must necessarily be imprimitive. 


The greatest value of m, for which a group of order p™ can 
be expressed as a transitive group of degree p”, where n is 
regarded as given, is determined at once by considering the 
symmetric group of degree p”. The highest power of p that 
divides p”! is p”, where 

eT ee roa Ae ene a +p+l. 

Hence the symmetric group of degree p” contains a set of 
conjugate sub-groups of order p” and it contains-no groups whose 
order is a higher power of p. Also, these groups are transitive in 
the p” symbols; for any one of them must contain a circular 
substitution of order p”. There are therefore groups of order p” 
which can be expressed as transitive groups of degree p”; but 
no group of order p” (7 > v) can be so expressed. Moreover, in 
order that a group of order p™ may be capable of representation 
as a transitive group of degree p”,it must be simply isomorphic ~ 
with a transitive sub-group of the above substitution group of 
order p”. 


This group may be constructed synthetically as follows. 
Since the sub-group of order p’—”, that leaves one symbol 
unchanged, is contained in a sub-group of order p’-”*" (§ 55), 
there must be imprimitive systems containing p symbols each. 
If then we distribute the p” symbols into p”” sets of p each, 
and with each set of p form a circular substitution, the p”™ 
permutable and independent circular substitutions will generate 
an intransitive group of order p?”. It will be the self-conju- 
gate sub-group of the group of order p’, which permutes the 
symbols of each system among themselves. 


Again, the systems of p symbols each may be taken in sets 
of p to form systems of p? symbols each, since the previously 
considered sub-group of order p”~’*? must be contained in a sub- 
group of order p”~’**,, Hence we may form systems of p? symbols 
by combining the previous systems in sets of p; and then with 
each p* symbols we can form a circular substitution, whose p™ 
power is the product of the p circular substitutions of order p, 
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which have been previously formed from the p? symbols. The 
symbols of any set of p? will then be interchanged by a transitive 
group of order p?*!; and since there are p”~ such sets, we obtain 
in this way an intransitive group of pe" +e". The group thus 
formed is that self-conjugate sub-group of the original group, 
which interchanges among themselves the symbols of each 
system of p% This process may be continued, taking greater 
and greater systems, till at the last step we combine the p 
systems of p" symbols each into a single system by means of 
a circular substitution of order p". The order of the resulting 
group is clearly p’, as it should be. 


The self-conjugate operations of this group form a sub-group 
of order p. 


For suppose, if possible, they form a sub-group of order p’. 
Every operation of this sub-group displaces all the symbols ; 
and therefore, when expressed as a substitution group in the p” 
symbols, it must interchange them transitively in p”” sets of 
p” each. 


Now (§ 151) those substitutions of the p” symbols, which 
are permutable with every operation of this sub-group, form a 
group of order p’?"”.p"-"!; this number is only divisible by 
p”, as it must be, when r=1. 


Ex. Shew that, for the group of degree p* and order p?*!, the 


£+1 


Hi (of § 53) are all of type (1) except the last, 
which is of type (1, 1). 


factor groups 


The fact that v is a function of p when n is given, explains 
why, in classifying all groups of order p", some of the lower 
primes may behave in an exceptional manner. Thus we saw, in 
§ 73, that for certain groups of order p‘ it was necessary to 
consider separately the case p=3. The present article makes 
it clear that, while there may be more than one type of group 
of order p*(p > 3), which can be expressed as a transitive group 
of degree p*, there is only a single type of group of order 34 
which can be expressed transitively in 9 symbols. 


153. In the memoirs referred to in the footnote on p. 155, 
M. Mathieu has demonstrated the existence of a remarkable group, 
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of degree 12 and order 12.11.10.9.8., which is quintuply trans- 
itive. The generating operations of this group have been given in 
the note to § 108, at the end of Chapter VIII. The verification of 
some of the more important properties of this group, as stated in 
the succeeding example, forms a good exercise on the results of this 
and the two preceding Chapters. 


Ex. Shew that the substitutions 
(1254) (3867), (1758) (2643), 
(12) (48) (57) (69), (a2) (58) (46) (79), 
(ab) (57) (68) (49), (be) (47) (58) (69), 
generate a quintuply transitive group of degree 12 and order 
£210 98, 


Prove that this group is simple; that a sub-group of degree 11 
and order 11.10.9.8, which leaves one symbol unchanged, is a 
simple group ; and that a sub-group of degree 10 and order 10.9. 8, 
which leaves two symbols unchanged, contains a self-conjugate sub- 
group simply isomorphic with the alternating group of degree 6. 


Shew also that the group of degree 12 contains (i) 1728 
sub-groups of order 11 each of which is self-conjugate in a group 
of order 55: (ii) 2376 sub-groups of order 5, each of which is self- 
conjugate in a group of order 40: (iii) 880 sub-groups of order 27, 
each of which is self-conjugate in a group of order 108: (iv) 1485 
sub-groups of order 64. 


Prove further that the group is a maximum sub-group of the 
alternating group of degree 12. 


CHAPTER XI. 


ON THE ISOMORPHISM OF A GROUP WITH ITSELF. 


154. Iv is shewn in § 24 that, if all the operations of a 
group are transformed by one of themselves, which is not self- 
conjugate, a correspondence is thereby established among the 
operations of the group which exhibits the group as simply 
isomorphic with itself. 


In an Abelian group every operation is self-conjugate, and 
the only correspondence established in the manner indicated is 
that in which every operation corresponds to itself. If however 
in an Abelian group we take, as the operation which corresponds 
to any given operation S, its inverse S~, then to S7’ will 
correspond S~'7 or (ST); and the correspondence exhibits 
the group as simply isomorphic with itself. For this particular 
correspondence, a group of order 2 is the only one in which 
each operation corresponds to itself. 


It is therefore possible for every group, except a group of 
order 2, to establish a correspondence between the operations of 
the group, which shall exhibit the group as simply isomorphic 
with itself. Moreover, we shall see that in general there are 
such correspondences which cannot be established by either of 
the processes above given. We devote the present Chapter to 
a discussion of the isomorphism of a group with itself. It will 
be seen that, for many problems of group-theory, and in par- 
ticular for the determination of the various types of group 
which are possible when the factor-groups of the composition- 
series are given, this discussion is most important. 
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155. Definition. A correspondence between the opera- 
tions of a group, such that to every operation S there 
corresponds a single operation S’, while to the product SZ’ of 
two operations there corresponds the product S’7” of the 
corresponding operations, is said to define an zsomorphism of 
the group with rtself. 


That isomorphism in which each operation corresponds to 
itself is called the identical csomorphism. In every isomorphism 
of a group with itself, the identical operation corresponds to 
itself; and the orders of two-corresponding operations are 
the same. For if 1 and S were corresponding operations, so 
also would be 1.1 and S?; and therefore more than one operation 
would correspond to 1. Again, if S and 8’, of orders n and 7’, 
are corresponding operations, so also are S” and 8S’; and there- 
fore n must be a multiple of n’. Similarly n’ must be a multiple 
of n; and therefore n and n’ are equal. 


If the operations of a group of order NV are represented by 
1. S), eee e@oenene > hoeeee 


and if, for a given isomorphism of the group with itself, S,’ is 


the operation that corresponds to S, (r = 1, 2, ...... , V —1), the 
isomorphism will be completely represented by the symbol 
i S.. ae eeeveee ) a 
i as are earn ne OS wea 


In this symbol, two operations in the same vertical line are 
corresponding operations. When no risk of confusion is 
thereby introduced, the simpler symbol 


ig 


156. An isomorphism of a group with itself, thus defined, 
is not an operation. The symbol of an isomorphism however 
defines an operation. It may, in fact, be regarded as a substi- 
tution performed upon the WN letters which represent the 
operations of the group. Corresponding to every isomorphism 
there is thus a definite operation; and it is obvious that the 
operations, which correspond to two distinct isomorphisms, are 


is used. 
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themselves distinct. The totality of these operations form a 


group. For let 
S q S’ 
8’ an a” 


be any two isomorphisms of the group with itself. Then if, as 
hitherto, we use curved brackets to denote a substitution, we 


have 
k S 
(3) (s) =(s) 


hs Ba : ‘ 
But since a is an isomorphism, the relation 


S,S, = 8, 
requires that S,S, =S,. 
And since ee is an isomorphism, the relation 
Sy'So’ mo 8.’ 
requires that S,'S,” = 8," 
Hence if 8,8, =8;, 
then Sp'S_" = 8," ; 


and therefore ka is an isomorphism. 


The product of the substitutions which correspond to two 
isomorphisms is therefore the substitution which corresponds to 
some other isomorphism. 


The set of substitutions which correspond to the isomor- 
phisms of a given group with itself, therefore form a group. 


Definition. A group, which is simply isomorphic with 
the group thus derived from a given group, is called the 
group of isomorphisms of the given group. 


It is not, of course, necessary always to regard this group as 
a group of substitutions performed on the symbols of the 
operations of the given group. But however the group of - 
isomorphisms may be represented, each one of its operations 
corresponds to a definite isomorphism of the given group. To 
avoid an unnecessarily cumbrous phrase, we may briefly apply 
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the term “isomorphism” to the operations of the group of 
isomorphisms. So long, at all events, as we are dealing with 
the properties of a group of isomorphisms, no risk of confusion 
is thereby introduced. Thus we shall use the phrase “the 


isomorphism ) ” as equivalent to “the operation of the 

group of isomorphisms which corresponds to the isomorphism 
S|» 

s 


157. If is some operation of a group G, while for S each 
operation of the group is put in turn, the symbol 


(sss) 

2182 

defines an isomorphism of the group. For if 
eis 

then Se 


and >1S,= is an operation of the group. An isomorphism of a 
group, which is thus formed on transforming the operations of the 
group by one of themselves, is called a cogredient isomorphism. 


All others are called contragredient isomorphisms}, If (e) is 


any contragredient isomorphism, the isomorphisms 


(s) (sss) 


when for & each operation of the group is taken successively, 
are said to form a class of contragredient isomorphisms. 


THEOREM I. The totality of the cogredient isomorphisms of 
a group G form a group isomorphic with G; this group ts 
a self-conjugate sub-group of the group of isomorphisms of G?. 
The product of the isomorphisms 


pee) ang Ca 


1 Klein, ‘‘Vorlesungen iiber das Ikosaeder und die Auflésung der Gleich- 
ungen vom fiinften Grade” (1884), p. 232. Hélder, Math. Ann., Vol. xii 
(1893), p. 314. 

2 Holder, ‘‘Bildung zusammengesetzter Gruppen,” Math. Ann., Vol. xuvi 
(1895), p. 326, 
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is given by 
(8 s) (a5 x’) : (ig s) Saat sy) 
S (y-a3-s33) 


where >>’ = >”. 


The product of two cogredient isomorphisms is therefore an- 
other cogredient isomorphism; hence the cogredient isomorph- 
isms form a group. Moreover, if we take the isomorphism 


(sss) 


as corresponding to the operation = of the group G, then to 
every operation of G there will correspond a definite cogredient 
isomorphism, so that to the product of any two operations 
of G there corresponds the product of the two corresponding 
isomorphisms. The group @ and its group of cogredient 
isomorphisms are therefore isomorphic. If G contains no 
self-conjugate operation, identity excepted, no two isomorphisms 
corresponding to different operations of G can be identical ; 
and therefore, in this case, G is simply isomorphic with its 
group of cogredient isomorphisms. If however @& contains self- 
conjugate operations, forming a self-conjugate sub-group H, 
then to every operation of H there corresponds the identical 
isomorphism; and the group of cogredient isomorphisms is 
simply isomorphic with = 

S 


Let now ; 


S 


be any isomorphism. Then 


on Cas i) = & (sss, () 
= coy Gare) 


g (y-t9'2) | 
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S 
The isomorphism (s) therefore transforms every cogredient 
te 


isomorphism into another cogredient isomorphism. It follows 
that the group of cogredient isomorphisms is self-conjugate 
within the group of isomorphisms. 


158. Let G be a group of order NV, whose operations are 
Le Sey ae » Sy; 
and Jet Z be the group of isomorphisms of G. We have seen 
in § 20 that G may be represented as a transitive group of 
substitutions performed on the NV symbols 
1S ees » Sy-33 
and that, when it is so represented, the substitution which 
corresponds to the operation S, is 
DSi a ee Sao 
(s. Sse Nihal 


(ss, 


When G is thus represented, we will denote it by G@. We 
have already seen that Z can be represented as an intransitive 
substitution group of the same NV symbols; a typical substitu- 
tion of Z, when it is so represented, 1s 

i Male pars ewan , Sw 
Gi Ss eae aire s) 
S 
or more shortly ( e : 

When LF is thus represented, we will denote it by LZ’. It is 
clear that the two substitution groups G’ and L’ have no 
substitution in common except identity. For every substitution 
of L’ leaves the symbol 1 unchanged; and no substitution of 
G’, except identity, leaves 1 unchanged. 


or more shortly 


i ss, (es) 
=(s's,) 
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Every operation of L’ is therefore permutable with G’. 
Hence if M is the order of Z, the group {@’, L’}, which we will 
call K’, is a transitive group of degree N and order VM, 


containing @’ self-conjugately. Further & transforms ( me ) 


into ( fad ); and these two substitutions of G’ correspond to 
Dy. 


the operations S, and S,' of G. Hence the isomorphism, 
established on transforming the substitutions of G@’' by any 


substitution & of L’, is the isomorphism denoted by the 


symbol fe 


Since ( 


g oe “) is a substitution of L’, the substitution 
( gy is =) ( a 1; or io , belongs to K’. Hence K’ contains 


the set of substitutions 
Gar (0, 10S 1), 


These form (§ 107) a transitive group G@”, simply iso- 
morphic with G’ and such that every substitution of @” is 
permutable with every substitution of G’. Moreover (l.c.), 
the substitutions of G” are the only substitutions of the V 
symbols which are permutable with each of the substitutions 


of G’. 


Suppose now that = is any substitution of the WV symbols 
which is permutable with G’. When the substitutions of 
G’ are transformed by &, the resulting isomorphism is iden- 


; ae iS ; 
tical with that given by some substitution, say ( a of L’. 


Hence » (5) is a substitution of the N symbols which is 


permutable with every substitution of G’. It therefore belongs 
to G”; and hence > belongs to K’. It follows that XK’ contains 
every substitution of the N symbols which is permutable 
with G’. 

15—2 
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The only substitutions common to G’ and G@” are the self- 
/ 


conjugate substitutions of either. The factor group —7~7 


{@’, Gg”) 
is simply isomorphic with a where g is the group of cogredient 


isomorphisms of @ contained in £. The groups G' and @” are 
identical only when G’ is Abelian ; in this case, q consists of the 
identical operation alone. 


Definition. A group K, simply isomorphic with the 
substitution group K’ which has just been constructed, we 
shall call the holomorph of G. 


159. An isomorphism must change any set of operations, 
which are conjugate to each other, into another set which are 
conjugate. For if 


S 
's) 
be the isomorphism, and if 
Nz (8252 = By; 
then See — oe 


so that S,’ and S,’ are conjugate operations when S, and S, are 
conjugate. A cogredient isomorphism changes every set of 
conjugate operations into itself; and all the members of a class 
of contragredient isomorphisms permute the conjugate sets in 


a 


is an isomorphism which changes every conjugate set of opera- 


tions of G into itself, and if 
( : 
S” 


is any isomorphism of G, then the isomorphism 


Us) (s) (se) 


changes every conjugate set into itself. It follows that those 
isomorphisms, which change every conjugate set of operations 
into itself, form a self-conjugate sub-group of the complete group 
of isomorphisms. This sub-group clearly contains the group of 
cogredient isomorphisms and may be identical with it. 
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If now i is any isomorphism of G@ of order n, the 


substitutions 


ba) and te (ant 1 R21), 


generate a group of order Nn. When J is used to represent 
the isomorphism, this group may be denoted by {J, G} ; as shewn 
above, it contains @ self-conjugately. Suppose that n is prime 
and not a factor of N. The operation J is not permutable 
with every operation of G; and therefore there must be opera- 
tions S of G which are permutable with no operation of the 
conjugate set to which J belongs. The number of operations 
which in {J, G} are conjugate to such an operation S must be a 
multiple of n; and since n is not a factor of N, this conjugate 
set of operations must be made up of n distinct conjugate sets 
of operations in G. The isomorphism J must therefore inter- 
change some of the conjugate sets of G. 


The same result is clearly true if the order n of J has any 
prime factor not contained in NV. Hence :— 


THEOREM II. An isomorphism of a group G, whose order 
contains a prime factor which does not occur in the order of G, 
must interchange some of the conjugate sets of G. 


160. If the isomorphism (2) or J leaves no operation 


except identity unchanged, it must in {J, G} be one of V 
conjugate operations. For if 


S57 J8, = 8,7 J8,, 
J would be permutable with S,S,—, which is not the case. 


These NV conjugate operations are 
Fi Sis SOs, on iecs ,JSy1, 


and since the first transforms every operation of G, except 
identity, into a different one, the same must be true of all the 
set. If now J transformed any operation S into a conjugate 
operation 2S, JZ would transform S into itself; hence 
J must transform every conjugate set of G into a different 
conjugate set. 
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The special case in which the order of J is two may here be 
considered. Representing the NV operations conjugate to J by 
Bet Se PO aD Pee 


the JV operations of G are 


Now TA, Soo I), 


so that J transforms every operation of G into its own inverse. 
But if 


S' =S-), 
and f MEY bias 
then Pv! ide ears ae Miuaenn (/ a) pee 


Now as S’7" is the operation into which the isomorphism 
transforms S7', it must be (S7')~', and therefore | 


i ti 
The group G@ is therefore an Abelian group of odd order. 


161. Any sub-group H of G is transformed by an isomorph- 
ism into a simply isomorphic sub-group H’; but H and H’ 
are not necessarily conjugate within G. If however the set of 
conjugate sub-groups 


are the only sub-groups of G@ of a given type, every isomorph- 
ism must interchange them among themselves; and if no 
isomorphism transforms each one of the set into itself, the 
group of isomorphisms can be represented as a transitive group 
of degree m. 


Suppose now that no operation of G is permutable with 
each of the conjugate sub-groups 


V3 oe a. eeereee 5) da he 


so that G, or what in this case is the same thing (since @ can 
have no self-conjugate operation except identity) the group of 
cogredient isomorphisms of , can be expressed as the transitive 
group of m symbols that arises on transforming the set of m 
sub-groups by each operation of G. Let J be any operation, of 
order yw, that transforms G and each of the set of m conjugate 
sub-groups, into itself. Then J“ is the lowest power of J that 
can occur in G, since no operation of G transforms each of the m 
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sub-groups into itself. Now in {J, G}, the greatest sub-group 
that contains H,, self-conjugately is {J, ,}, 7, being the greatest 
sub-group of @ that contains H, self-conjugately. Also, in 
{J, G} the set of sub-groups {J, J,}, (r=1, 2, ..., m), is a 
complete conjugate set. Now the set of groups 

U ihgy cans AY i 


have by supposition no common operation except identity ; and 
therefore the greatest common sub-group of 
Ce Bae 8 ae By aren ad be} 

is {J}. Hence {J} is a self-conjugate sub-group of {J, @}; and 
since G is also a self-conjugate sub-group of {J, @}, while {J} 
and G have no common operation except identity, J must be 
permutable with every operation of G. Every operation 
therefore which is permutable with G, and with each of the 
sub-groups 


is permutable with every operation of G. Thus finally, no 
contragredient isomorphism can transform each of the sub- 
proums 71.07 — 12... ,m) into itself. Hence :— 


THEOREM III. Jf the conjugate set of m sub-groups 


contains all the sub-groups of G of a given type, and if no 
operation of Gis permutable with each sub-group of the set, the 
group of isomorphisms of G can be represented as a transitive 
group of degree m. 

Corollary I. If G@ contains kp + 1 sub-groups of order p+, 
where p* is the highest power of a prime p that divides the 
order of @; and if the greatest sub-group J, that contains a 
sub-group of order p* self-conjugately, contains no self-conju- 
gate sub-group of G; then the group of isomorphisms of @ can 
be represented as a transitive group of degree kp + 1. 


For it has been seen that the groups of order p* contained 
in G@ form a single conjugate set. 


Corollary II. If the conjugate set of m sub-groups of G 
1 BE? Ce es po 2 


is changed into itself by every isomorphism of G, and if no 
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operation of G is permutable with every one of these sub- 
groups; then the group of isomorphisms of G can be expressed 
as a transitive group of degree m. 

In fact, under the conditions stated, the reasoning applied 
to prove the theorem may be used to shew that no isomorphism 
of G can transform each of the m sub-groups into itself. 


162. Definition. Any sub-group of a group @ which is 
transformed into itself by every isomorphism of G, is called? a 
characteristic sub-group of G. 

A characteristic sub-group of a group G@ is necessarily a 
self-conjugate sub-group of G; but a self-conjugate sub-group 
is not necessarily characteristic. A simple group, having no 
self-conjugate sub-groups, can have no characteristic sub- 
groups. Let now G be any group, and let AK be the holomorph 
of G. A characteristic sub-group of @ is then a self-conjugate 
sub-group of A; and conversely, every self-conjugate sub-group 
of AK which is contained in G is a characteristic sub-group of G. 


Suppose now a chief-series of AK formed which contains 
G. If G@ has no characteristic sub-group, it must be the 
last term but one of this series, the last term being identity. 
It follows by § 94 that G must be the direct product of a 
number of simply isomorphic simple groups. Hence :— 


THEOREM IV. A group, which has no characteristic sub- 
group, must be either a simple group or the direct product of 
simply isomorphic simple groups. 

The converse of this theorem is clearly true. 


163. Suppose now that G is a group which has character- 
istic sub-groups; and let 
Ge, cases ES CoS Rae roe 


be a series of such sub-groups, each containing all that follow it 
and chosen so that, for each consecutive pair G, and G,4,, there 
is no characteristic sub-group of G contained in G, and con- 
taining G4,, except G,,, itself. Such a series is called* a 
characteristic serves of G. 


1 Frobenius, ‘‘Ueber endliche Gruppen,” Berliner Sitzungsberichte, 1895, 
p. 183. 

2 Frobenius, ‘‘ Ueber auflosbare Gruppen, 11,” Berliner Sitzungsberichte, 1895, 
p. 1027. 
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It may clearly be possible to choose such a series in more 
than one way. If 


ESE f Seo le a aes Pe | 
be a second characteristic series of G, theu 
Bed ae, i, GG, a... Ge Ge ie. | 
and 1G See oi OG es a. oth. Go ae. P| 


are two chief-series of K. In fact, if K had a self-conjugate 
sub-group contained in G, and containing G,,,, then G would 
have a characteristic sub-group contained in G, and containing 
G,,. The two chief-series of K coincide in the terms from K 
to G inclusive. Hence the two sets of factor-groups 


GG G, 
G, > : > #08808 ) Ge. on we see 
GG, G,’ 

and G, ‘ G! eA Or: ; Gi SEBO OO 


must be equal in number and, except possibly as regards the 
sequence in which they occur, identical in type. Moreover, each 
factor-group must be either a simple group or the direct product 
of simply isomorphic simple groups. 


164. We will now shew how to determine a characteristic 
series for a group whose order is the power of a prime’. 


First, let the group G be Abelian; and suppose that it is 
generated by a set of independent operations, of which n, are of 
the order p™, (s = 1, 2, ..., 7), while 

Vey > Mg > oases > My. 


The sub-group G, (§ 42), formed of the operations of G 

which satisfy the relation 
pe = 4, 
is clearly a characteristic sub-group. As a first step towards 
forming the characteristic series, we may take the set of 
groups 
ne be GO) Ga 5 Goa... ; G,,. Gy, 1; 
for this is a set of characteristic sub-groups such that each 
contains the one that follows it. 
1 Frobenius, l.c., pp. 1028, 1029. 
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Now the sub-group H, (§ 45), formed of the distinct 
operations that remain when every operation of @ is raised 
to the power p”, is also a characteristic sub-group; and since 
the operations common to two characteristic sub-groups also 
form a characteristic sub-group, the sub-group K,,, (common to 
G, and H,) is characteristic. It follows from this that G, will be 
a characteristic sub-group only whenr=1. If r>1, G, is not 
contained in H,, _,, and the common sub-group K;, ms of 
these two is characteristic. If r>2, this sub-group again is 
not contained in Hp .,; and the common sub-group Ky, m ,-1 
of G, and H,,_. 1s a characteristic sub-group contained in 
Kim. Continuing thus, we form between G, and 1 the 
series | 

Ce I a le pee 

In a similar way, between G, and G,_, we introduce such of 

the series 


{Ga 1 ean § eas bees ere srieicee ? KOrese Se iat 


as are distinct, the symbol m, — a being replaced by zero where 
it is negative. 

From the original series we thus form a new one, in which 
again each group is characteristic and contains the following. 
This series may be shewn to be a characteristic series. 


BD) 
Let Pina f£ Le ’ dag n 


be the n, generating operations of G, whose orders are p”. 
moe (G4) Aa, aud 4G, &, Ku,m,,—«} are distinct, the 
generating operations of the latter differ only from those of the 
former in containing the set , 


pite—atl 


Ms, X 


in the place of 


ry pits & ie 
I eae (jee to. ti,). 


Now any permutation of the n, generating operations 
Daf ae Be arty , Ns); 
among themselves, the remaining generating operations being 


unaltered, must clearly give an isomorphism of G with itself; 
and therefore no sub-group of G, contained in {Ga4, Kasm—a} 
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and containing {@,., Ka,m,,—a}, can be a characteristic sub- 
group. ‘This result being true for every pair of distinct groups 
which succeed each other in the series that has been formed, 
it follows that the series is a characteristic series. It may be 
noticed that, if I’ and I’ are any two consecutive sub-groups in 
a characteristic series of G, the order of “ must be p”, where v 
is one of the r numbers n,. 

Secondly, suppose that G is not Abelian. We may first 
consider the series of sub-groups 

ogee | RY 5 OEE i: pe Fea | 

of § 53. Each of these is clearly a characteristic sub-group, and 
D+ 
H, 
group;.and, by the process that we have just investigated, a 
characteristic series may be formed for it. To each group in 
this series will correspond a characteristic sub-group of H,., 
containing H,; and the set of groups so obtained forms part of 
a complete characteristic series of G. When between each 
consecutive pair of groups in the above series the groups thus 
formed are interpolated, the resulting series of groups is a 
characteristic series for G. 


each contains the succeeding. Moreover, is an Abelian 


165. The isomorphisms of a given group with itself are 
closely connected with the composition of every composite group 
in which the given group enters as a self-conjugate sub-group. 
Let G be any composite group and H a self-conjugate sub- 
group of G. Then since every operation of G transforms H 
into itself, to every such operation will correspond an_iso- 
morphism of H with itself. If S is an operation of G@ not 
contained in H, and if the isomorphism of H arising on 
transforming its operations by S is contragredient, so also is 
the isomorphism arising from each of the set of operations SH. 
In this case, no one of this set of operations is permutable with 
every operation of H. If however the isomorphism arising from 
S is cogredient, there must be some operation h of H which 
gives the same isomorphism as S; and then Sh~ is permutable 
with every operation of H. In this case, the set of operations 
SH will give all the cogredient isomorphisms of H. 
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Suppose now that H, is that sub-group of G which is formed 
of all the operations of G@ that are permutable with every 
operation of H. Then to every operation of G, not contained 
in {H, H,}, must correspond a contragredient isomorphism of 


H; and to every operation of the factor group corre- 


G 
| H, Hy} 
sponds a class of contragredient isomorphisms. If then L is the 
group of isomorphisms of H, and if ZL, is that self-conjugate 
sub-group of LZ which gives the cogredient isomorphisms of H, 
ree L 
HH) must be simply isomorphic with a sub-group of ie 
If now H contains no self-conjugate operation except 
identity, H and H, can contain no common operation except 
identity ; and since each of them 1s a self-conjugate sub-group 
of G, every operation of H is permutable with every operation 


of H,. In this case, {H, H,} is the direct product of H and H,. 
If, further, Z coincides with H, so that H admits of no 
contragredient isomorphisms, ;> aia must reduce to identity. 
\H, H,} 
In this case, G is the direct product of H and H,. 
Definition. A group, which contains no self-conjugate 


operation except identity and which admits of no contra- 
gredient isomorphism, is called! a complete group. 


The result of the present paragraph may be expressed in 
the form :— 


THEOREM V. A group, which contains a complete group as 
a self-conjugate sub-group, must be the direct product of the 
complete group and some other growp*. 


166. THEoREM VI. Jf Gis a group with no self-conjugate 
operations except identity; and if the group of cogredient iso- 
morphisms of G ts a characteristic sub-group of L, the group of 
isomorphisms of G; then L 1s a complete group’. 

1 Holder, ‘‘Bildung zusammengesetzter Gruppen,” Math. Ann., Vol. xiv 
(1895), p. 325. 
2 Ibid. p. 325. 


3 Hilder (loc. cit. p. 331) gives a theorem which is similar but not quite 
equivalent to Theorem VI. 
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With the notation of § 158, the operations of Z may be 
represented by the substitutions 


(3) 


The group of cogredient isomorphisms, which we will call G’, is 
given by the substitutions 


(arae (2=0,1,...... oN 


it is simply isomorphic with G. 


oe ee ee) ) ie ee) 


. ( ,-588/) 


and therefore no operation of Z is permutable with every 
operation of G’. Hence every isomorphism of G’ is given on 
transforming its operations by those of LZ. Suppose now 
that J is an operation which transforms Z into itself. Since 
@’ is by supposition a characteristic sub-group of ZL, the 
operation J transforms (’ into itself. If J dves not belong to 
L, we may assume that J is permutable with every operation of 
G@’. For if it is not, it must give the same isomorphism of @’ 
as some operation S of Z; and then JS~™ is permutable with 
every operation of G’, and is not contained in LZ. Now J being 
permutable with every operation of G’, we have 


J s“9sJ = ss, 
where s is any operation of Z, and g any operation of @’, 
Moreover JgJ— = 9, 
and therefore 
Js JgJsJ = s—gs. 


Hence s and J~sJ give the same isomorphism of @’. Now 
no two distinct operations of LZ give the same isomorphism of 
G’, so that s and J—sJ must be identical; in other words, J 
is permutable with every operation of Z. Hence LZ admits of 
no contragredient isomorphisms. Moreover, G’ has no self- 
conjugate operations, and no operation of Z is permutable with 
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every operation of G’; hence Z has no self-conjugate operations. 
It is therefore a complete group. 


Corollary. If Gisa simple group of composite order, or 
if it is the direct product of a number of isomorphic simple 
groups of composite order, the group of isomorphisms J, of G is 
a complete group. 


For suppose, if possible, in this case that G’ is not a 
characteristic sub-group of £; and that, by a contragredient 
isomorphism of LZ, G is transformed into G". Then G” is a 
self-conjugate sub-group of £, and each of the groups G’ and 
@” transforms the other into itself. Hence (§ 34) either every 
operation of @’ is permutable with every operation of G”, or G’ 
and G” must have a common sub-group. The former supposi- 
tion is impossible since no operation of LZ is permutable with 
every operation of G. On the other hand, if G’ and G” have a 
common sub-group, it is a self-conjugate sub-group of ZL and it 
therefore is a characteristic sub-group of G’. Now (§ 162) G has 
no characteristic sub-groups, and therefore the second supposition 
is also impossible. It follows that, in this case, (7’ is a character- 
istic sub-group of LZ, and that LZ is a complete group. 


167. THeoreM VII. Jf G ts an Abelian group of odd order, 
and if K is the holomorph of G; then when G is a characteristic 
sub-group of K, the latter group 1s a complete group. 


If WV is the order of G, then K can be expressed (§ 158) as a 
transitive group of degree NW. When KX is so expressed, those 
operations of K which leave one symbol unchanged form a 
sub-group H, which is simply isomorphic with the group of 
isomorphisms of G. Now (§ 160) an Abelian group of odd order 
admits of a single isomorphism of order two, which changes every 
operation into its own inverse. The corresponding substitution 
of H is a self-conjugate substitution in H, and is one of N con- 
jugate substitutions in K. These are the only substitutions 
of K which transform every substitution of G into its inverse. 
If G is a characteristic sub-group of K, every isomorphism of K 
must transform G, and therefore also the set of V conjugate 
substitutions of order two, into itself. Also, no substitution of 
K can be permutable with each one of these V substitutions, 
since each of them keeps just one symbol unchanged. Hence 
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(Theorem III, Cor. II, § 161) the group of isomorphisms of K 
can be expressed as a transitive group of degree N, which 
contains G as a transitive self-conjugate sub-group. But 
when the group of isomorphisms of K is so expressed, K itself 
consists of all the substitutions of the VN symbols which are 
permutable with G; and at the same time, every isomorphism 
of K transforms G@ into itself. Hence the group of isomorph- 
isms of K must coincide with K itself; i.e. K admits of no 
contragredient isomorphisms. Also K obviously contains no 
self-conjugate operation except identity; hence it is a complete 
group. 

Corollary. The holomorph of an Abelian group of order 
p™, where p is an odd prime, and type (1, 1, ... to m units), is a 
complete group. For if, in this case, G is not a characteristic 
sub-group of K, let G’ be a sub-group of K which, in the group 
of isomorphisms of K, is conjugate to G. Then G and G’ being 
both self-conjugate in K must have a common sub-group, since 
K cannot contain their direct product. But the common sub- 
group of G and G’, being self-conjugate in K, is a characteristic 
sub-group of G. This is impossible (§ 162); hence @ is a 
characteristic sub-group of K. 


Ex. Shew that the holomorph of an Abelian group of degree 
2” and type (1, 1, ... to m units) is a complete group. 


168. We shall now discuss the groups of isomorphisms of 
certain special groups; and we shall begin with the case of a 
cyclical group G, of prime order p, generated by an operation P. 
Every isomorphism of such a group must interchange among them- 
selves the p— 1 operations 

t gt chi eeee OP shies 


and if any isomorphism replaces P by P*, it must replace P? by P*s, 
and so on. Moreover, the symbol 

tah sagt oe fatty 

( pepe piesa pit) 

does actually represent an isomorphism whatever number a may be 
from 1 to p—1; for each operation occurs once in the second line, 
and the change indicated leaves the multiplication-table of the group 
unaltered. If a=p, the symbol does not represent an isomorphism : 
if a=p+a’, the symbol represents the same isomorphism as 

Sot shen t Lotti 

(pw pr pm): 
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The group of isomorphisms of a group of prime order p is 
therefore a group of order p—1. Now the mth power of the 


isomorphism 
Pd 
(>+) 


: (oe) 
is a 
P* 


Hence if a is a primitive root of the congruence 
aP-1_ 1 = 0, (mod. p), 
the group of isomorphisms is a cyclical group generated by the 


isomorphism 
ya 
(>). 


Finally, if S is an operation satisfying the relations 
Fok caret Re C0" Based ah Sk aah 
where a is a primitive root of p, {S, P} is the holomorph of G. 
The reader will at once observe that this group of order p (p—1) 


is identical with the doubly transitive group of § 112. It is a 
complete group. 


169. We shall consider next the case of any cyclical group. 


Suppose, first, that G is a cyclical group of order p", where p is 
an odd prime; and let it be generated by an operation S. The group 
contains p"~!(p — 1) operations of order p”; if S’ is any one of these, 


(5 


\ 


defines a distinct isomorphism. The group of isomorphisms is there- 
fore a group of order p"-1(p—1). Moreover, since the congruence 


a?” '(P-)_ 1 =0, (mod. p”), 
has primitive roots, the group of isomorphisms is a cyclical group. 


The holomorph of G@ is defined by 
Se =], Je 'e-N=1, JOST= 8*, 
where a is a primitive root of the congruence 
a?" *(P-)_1=0, (mod. p”). 
If G is a cyclical group of order 2”, it follows, in the same way, 


that the group of isomorphisms is an Abelian group of order 2"-'. 
In this case, however, the congruence 


a -120, (mod, 2%), ‘n> 2, 
has no primitive root, and therefore the group of isomorphisms is not 
cyclical. The congruence 


a "—-1=0 (mod. 2*) 
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however has primitive roots, and a primitive root a of this con- 
gruence can always be found to satisfy the condition 


at *=1+2*-1, (mod. 2"). 
The powers of the isomorphism 


(s-) 


then form a cyclical group of order 2"~?; and the only isomorphism 
of order 2 contained in it is 
S 
(52) 


S S 
Hence ) and (ga 


the latter not being contained in the sub-group generated by the 
former, are two permutable and independent isomorphisms of orders 
2"? and 2. They generate an Abelian group of order 2”~', which is 
the group of isomorphisms of G. The corresponding holomorph is 
given by 
S* = 1, goes 1, J~P=1, JJ, =A, 
J, wes, Jae 
where a satisfies the conditions given above. 


If G@ is a cyclical group of order 4, its group of isomorphisms is 
clearly a group of order 2. 


170. It is now easy to construct the group of isomorphisms of 
any cyclical group G, and the corresponding holomorph. If the order 
ae 36-299 Migs: . , Whore #7, %, ....-- are odd primes, @ is the 
direct product of cyclical groups of orders 2", p,", py, ...... ; and 
every isomorphism of @ transforms each of these groups into itself. 
Hence if the groups of isomorphisms of these cyclical groups be 
formed, and their direct product be then constructed, every operation 
of the group so formed will give a distinct isomorphism of the group 
G. Moreover, the order 


ae" pr (p, — 1) pa™—* (pa — 1)... 
of this group is equal to the number of operations of G whose order 
i 2°p,": 9." ...... , or in other words to the number of isomorphisms 
of which G is capable. The group thus formed is therefore the group 
of isomorphisms of G. The corresponding holomorph is clearly the 
direct product of the holomorphs of the cyclical groups of orders 2", 
pi™, ete. 

When the order of @ is odd, the holomorph X is easily shewn 
to be a complete group. Suppose it to be expressed transitively, 
as in § 158, in NV symbols, where J is the order of G; if @ is 
not a characteristic sub-group of KX, let G’ be a group into which 
G is transformed by a contragredient isomorphism of X. Then G@’ 


B. | 16 
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is a self-conjugate sub-group of A; and since G’ is cyclical, every 
sub-group of G’ is a self-conjugate sub-group of K. Hence a 
generating operation of G’ must be a circular substitution of 
N symbols. The XN operations of order 2 which transform each 
operation of G’ into its own inverse therefore each keep one symbol 
fixed; hence each of them must transform every operation of G 
into its inverse. But there is only one such set of operations 
of order 2, and therefore G’ cannot differ from G. It follows by 
Theorem VII, § 167 that, as G@ is a characteristic sub-group of X, the 
group X itself is complete. 


If the order of G is even, K must contain a self-conjugate 
operation other than identity, namely the operation of order 2 
contained in G. Moreover, X admits of a contragredient isomorph- 
ism whose square is cogredient. From the mode of formation of 
K, it is clearly sufficient to verify this when the order of G@ is a 
power of 2. The holomorph X is given by 


SPS Jat, veel. Sida. 
Pdi. OU = 
where a is a primitive root of 
a 0 (mods 2), 
such that a2" +10 (mod. 2"). 
In this group, J, is one of 2”-' conjugate operations 
OS) Oe 
Now it may be directly verified that A admits the isomorphism 


represented by 
& vie = 
SERA Slama yt Por 


Moreover, since this isomorphism changes J, into J,S, it cannot be a 
cogredient isomorphism. Finally, the square of this isomorphism is 


(° Seek ) 
S, FS", JS? ]? 

Sy dy is ) 
3 (3 §-J,8, S2J,8)? 


which is a cogredient isomorphism. 


171. We shall next consider the group of isomorphisms of an 
Abelian group of order p” and type (1, 1, ... to m units). Such a 
group is generated by m independent permutable operations of 
order p, say 
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Since every operation of the group is self-conjugate and of order 
p, while the group contains no characteristic sub-group, there must 
be isomorphisms transforming any one operation of the group into 
any other. We may therefore begin by determining under what 
conditions the symbol 


defines an isomorphism. This symbol replaces the operation 
Aa 8 gy POE Po by PAP f...... P,,%, where 


Y. = AX + AyoVe + ...... + AnXp, 
2= eo 
fa Ag X + Age Xe + ee (mod. p) 
Yn = Any X% + Ang Xe + teense + Ann&n , 
Unless the p” operations Py" P,%...... P,, thus formed are all 
distinct, when for P,;” P,”...... P,,* is put successively each of the p” 


operations of the group, the symbol does not represent an isomorphism. 
On the other hand, when this condition is satisfied, the symbol 
represents a permutation of the operations among themselves which 
leaves the multiplication table of the group unchanged ; it is there- 
‘fore an isomorphism. 


If this condition is satisfied, 2, a, ...... , x, must be definite 
numbers (mod. p), when ¥,, Yo, «.-.-. , Y¥, are given; and therefore 
the above set of m simultaneous congruences must be capable 
of definite solution with respect to the a’s. The necessary and 
sufficient condition for this is that the determinant 


Ay, , Aye iS Rectan alba Nae ’ Ain 
Oe; , Qo 5 see eee 5] Aon 
Qnis Anos eee eee ] Onn 


should not be congruent to zero (mod. p). 


Every distinct set of congruences of the above form, for 
which this condition is satisfied, represents a distinct isomorph- 
ism of the group, two sets being regarded as distinct if the 
congruence 


Gy, =@',, (mod. p) 


does not hold for each corresponding pair of coefficients. Moreover, 
to the product of two isomorphisms will correspond the set of con- 
gruences which results from carrying out successively the operations 
indicated by the two sets that correspond to the two isomorphisms. 


16—2 
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The group of isomorphisms is therefore simply isomorphic with 
the group of operations defined by all sets of congruences 


Y, = AH, + Ayg%g + ...... + Ain@n, 
Yo = Ug, Hj + Age Me + <.-s- + Aon Xn j ( 
mod. p) 
Yu, Hq BD + Ugg Xet ... 00. + Ann Xn 5 
for which the relation 
Ay, Ajay veeeee » Gin 
TRAE ORES ene a 
219 229 ’ Qn + 0 (mod. Pp) 
Onis Anes hips iS id b) Onn 


is satisfied. 


172. The group thus defined is of great importance in many 
branches of analysis. It is known as the linear homogeneous group. 
In a subsequent Chapter we shall consider some of its more 
important properties; we may here conveniently determine its 
order. Let this be represented by J, so that JV, represents the 
number of distinct solutions of the congruences 


Bi Ayo, srreee 9 Ay 
G15 Ago, see » Ay & 0 ( 

mod. p). 
RE RPE Se at ee 


Since the group of isomorphisms of the Abelian group of order 
p” transforms every one of its operations (identity excepted) into 
every other, it can be represented as a transitive substitution group 
of p”—1 symbols, and therefore, if J is the order of the sub-group 
that keeps P, unchanged, 


N,,=(p"~1) M. 


Now, in the congruences corresponding to an operation that keeps 
P, unchanged, we have 


Q@=1, @4,=4,=......=%,=9, (mod. p). 
Hence J is equal to the number of solutions of the congruences 
| Oa | aa ne aU 
Goi5 AUeay +++--- » Lon +0 (mod. p). 
Aniy Anas ++++++ » Onn 


The value of the determinant does not depend on the values of 
Ee See ne , G,,, and therefore 


Maw h... 
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Hence N, = (p*- 1) go**2,-:; 
and therefore immediately 


N,,=(p" - 1) (p"—p)..--..(p"—p"™)- 

The reader will notice that an independent proof of this result 
has already been obtained in § 48. The discussion there given of 
the number of distinct ways, in which independent generating 
operations of an Abelian group of type (1, 1, ...... , 1) may be 
chosen, is clearly equivalent to a determination of the order of the 
corresponding group of isomorphisms. 


The holomorph of an Abelian group, of order p” and type 
(1, 1, ... to m units), can similarly be represented as a group of 
linear transformations to the prime modulus p. Consider, in fact, 
the set of transformations 


Y = MX, + Aye +...... + Ant, +5,, 
Yo = Ag X, + Ogg %y +...... + Agn®, + be, 

(mod. p) ; 
Yu = By D, + Ogg We + ...-0. + OnnXyn + by, 


where the coefficients take all integral values (mod. p) consistent 
with 


B15 Ugy +--+: » Gin 
Bo, 9 os § e250 264 5] Aon = 0 
On) ’ no b sina crud euch ’ Gnn 


The set of transformations clearly forms a group whose order is 

N,,p". The sub-group formed by all the transformations 
Y, = 2%, +0,, Ye HXqt bq, ...... >» Yn =Xn+b,, (mod. p), 

is an Abelian group of order p” and type (1, 1, ... to ” units), and it 
is a self-conjugate sub-group. Moreover, the only operations of the 
group, which are permutable with every operation of this self-con- 
jugate sub-group, are the operations of the sub-group itself; and, 
since the order of the group is equal to the order of the holomorph 
of the Abelian group, it follows that the group of transformations 
must be simply isomorphic with the holomorph of the Abelian 
group. In the simplest instance, where p” is 2, the holomorph is 
simply isomorphic with the alternating group of four symbols. In 
any case the holomorph, when expressed as in § 158, is a doubly 
transitive group of degree p”. 


173. It has been seen in § 142 that, except when n = 6, the 
symmetric group of degree n has n and only n sub-groups 
of order n—1!, which form a conjugate set. Hence by 
Theorem III, § 161, the group of isomorphisms of the sym- 
metric group of degree n can be expressed, except when n=6, 
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as a transitive group of degree n. The symmetric group of n 
symbols however consists of all possible substitutions that can 
be performed on the n syinbols, and therefore it must coincide 
with its group of isomorphisms. Hence! :— 


THEOREM VIII. The symmetric group of n symbols is a 
complete group, except when n= 6. 


Corollary. Except when n= 6, the alternating group of n 
symbols admits of one and only one class of contragredient 
isomorphisms. 


For with this exception, the alternating group of degree n 
has just » sub-groups of order $(n —1)!. 


174. The alternating group of degree 6 occurs as a special 
case of another class of groups of which we will determine the 
groups of isomorphisms. These are the doubly and the triply transi- 
tive groups that have been defined in §§ 112, 113. 


The doubly transitive group of degree p” and order p” (p”—1) 
there considered has a single set of p” conjugate cyclical sub-groups 
of order p”—1. Its group of isomorphisms can therefore be ex- 
pressed as a transitive group of degree p”. Let p”™(p™— 1) pw be the 
order of the group of isomorphisms. The order of a sub-group that 
keeps two symbols fixed is 1; and every operation of this sub-group 
must transform a cyclical sub-group of order p” — 1 into itself. With 
the notation of § 112, we will consider the sub-group which keeps 0 
and 7 fixed. Every operation of this sub-group must transform the 
cyclical sub-group generated by the congruence’ 


xv = iW 
into itself; and no operation of the sub-group can be permutable 


with the given operation. If S is an operation of the sub-group 
which transforms 


xe = W 
into a = ta, 
then S, when represented as a substitution, is given by 
oe ea 
ca 474+) hagiiital ase ) 


Now S must transform the sub-group of order p” into itself; it 
must therefore be permutable with that operation of this sub-group 
which changes 0 into 7. 


1 Holder, Math. Ann. Vol. xuv1, (1895), p. 345. 
2 This and all subsequent congruences in the present section are to be taken, 
mod. p. 
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This operation is given by 
vw =x2+1, 
and if we denote it by 7’, then S~'7'S changes 7”*! into 1%**!, where 


y 
ie +] . 
ae 4-4 = 9**?, 


Now 7' changes 7”*! into 7¥+!+7. Hence, since S and 7’ are 
permutable, we must for all values of y have the simultaneous 
congruences 


—_+t]) . ar? °Z+1 
iets 4° +71=1 ’ 


and aytl 4g = 4e8tl, 


Eliminating z, the congruence 


y 
1+i¥=(14+¢4)" 


must hold for all values of y from 0 to p”—1. If a is not a power 
of p, this congruence involves an identity of the form 


QU + Mgt + ...... = 0, 


where all the indices are less than p”—1; and this is impossible. 
Hence the only possible values of a are p, p’, p’, ...... ; and the 
greatest possible value of p is m. 


Now the congruence 
ae =a 


detines a substitution performed on the p” symbols permuted by the 
group, and this substitution is permutable with the group. For if 
we denote this operation by J, and any operation 


we =ax+B 
of the group by %, then /~'3,/ is 
xv =alr + B?, 
another operation of the group. Moreover, J clearly transforms 
a =i 
into its pth power. 


The group of isomorphisms of the doubly transitive group of 
order p” is therefore the group defined by 


e=w, 2 S=uti, 2 =x; 
where 7 is a primitive root of the congruence 
wr = 1. 


From this it immediately follows that the group of isomorphisms 
of the triply transitive group, of degree p™+ 1 and order 


(p+ hp (p —)), 
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defined by the congruences 
,_ax+ B 
xe =—*, 
ye + ) 
where a, f, y, 5 satisfy the conditions of § 113, is the group of order 


(p™ +1) p™(p™—1)m obtained by combining the previous con- 
gruences with 


a =x”, 


In fact, it may be immediately verified that the operation given 
by this congruence is permutable with the group, and does not give 
a cogredient isomorphism of the group. Moreover, by Theorem ITI, 
§ 161, the group of isomorphisms of the given group can be expressed 
as a transitive group of degree p™+ 1; and therefore, among a class of 
contragredient isomorphisms, there must be some transforming into 
itself a sub-group which keeps one symbol fixed. Hence the order 
of the group of isomorphisms cannot exceed 


(p™ + 1) p™ (p™— 1) m. 


When p is an odd prime, the triply transitive group of degree 
p™+1, which may be defined by 
; 1 


w=—-, w=ix, we =x+1, 
x 


contains as a self-conjugate sub-group a doubly transitive group 


defined by 
: 1 


we=--, w=, w=a+1. 
x 


It will be shewn in Chapter XIV that this is a simple group. 
When p™ is equal to 3°, it is easy to verify that this group is simply 
isomorphic with the alternating group of degree 6. 


The group of isomorphisms of this simple group can be expressed 
as a transitive group of degree p”™+ 1, and must clearly contain the 
triply transitive group of order (p”+ 1) p™(p™—1) self-conjugately. 
It therefore coincides with the group of order (p™ +1) p™(p™—1)m, 
which has just been determined. The latter group is therefore 
(Theorem VI, Cor. § 166) a complete group. Further, if the simple 
group be denoted by G and the group of isomorphisms by Z, the © 


factor group 2 will be determined by 
esi, 2 =2x?, 


when all operations of G are treated as the identical operation. 
Denoting these operations by J and J, then J~'JJ is I”, which is 


L 
the same as J multiplied by an operation of G. Hence =~ is an 


G 
Abelian group generated by two independent operations of orders 2 
and m. 
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The group of isomorphisms of the alternating group of degree 6 
is therefore a group of order 1440; and the symmetric group of 
degree 6 admits a single class of contragredient isomorphisms’. 


175. Let P be any group whose order is the power of a 
prime, and let 


Pere a ee 
of orders i DO IS ins » pr 


be a characteristic series (§ 163) of P. Every isomorphism 
of P must transform P, and P,,, into themselves, and there- 
Pras 


I of P transforms every operation of P,,, into itself and 


fore also into itself. Suppose now that an isomorphism 


= 


every operation of 2 into itself. If S is any operation of 
r+1 


P,, not contained in P,,,, 7 must transform S into SA, where 
A is some operation of P,,,; so that, if p* is the order of 
A, I transforms the operations of the set SP,,, cyclically 
among themselves in sets of p*. Similarly, if S’ is an operation 
of P, not contained in the set SP,,,, Z will transform the 
operations of the set S’P,,, cyclically among themselves in 
sets of p*’. Hence the order of the isomorphism J is a multiple 
of p; and any isomorphism, that transforms every operation 


of P,,, into itself and every operation of Pp ~ into itself and is 
r+1 


of order prime to p, will transform every operation of P, into 
itself. Therefore, the only isomorphism of P, that transforms 
every operation of each of the groups 

ks Prva 

Po peo ip 
into itself and is of order prime to p, is the identical isomorph- 
ism. Now each of these groups is an Abelian group, whose 
operations are all of order p; and it has been shewn that, 
if p” is the order of such a group, the order of its group of 
isomorphisms is 


(p”™ —s 1)(p™ —p) eee is sl [ae * 


1 Holder, loc. cit. p. 343. 
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Every isomorphism of P, whose order is relatively prime to 
p, must therefore be such that its order is a factor of one of the 
expressions of the above form, obtained by writing 


a— da, GG, eeorece > An; 


in succession for m. If then & is the greatest of these numbers, 
the order of any isomorphism of P, whose order is relatively 
prime to p, is a factor of 


(p —1)(p?-1)...... (p* — 1). 

Herr Frobenius?! has introduced the symbol $(P) to denote 
this product. If G is a group of order p,*p,%...... Prin, Where 
Dis Visvie ens - , Pn are distinct primes, and if P,, P,,...... , Py are 
groups of orders p,%, Ps%, ...... , Pn® contained in G, we shall use 
the symbol 3 (G) to denote the least common multiple of 


TP SPs (ES) 


176. If P’ isa sub-group of a group P of order p*, ¥(P’) 
is not necessarily a factor of S(P). For instance, the group of 
order p*, generated by the four operations A, B, C, D of order p, 
of which A and B are self-conjugate while 

DCD CA. 
has a characteristic sub-group {A, B} of order p*, and it 
has no characteristic sub-group of order p*. Hence 


(PP) =(p —1)(p*— 1). 
The sub-group P’ however, which is generated by A, B and 
C, is an Abelian group whose operations are all of order p; and 


therefore | 
Did Jee 1) TG 


So again, for the Abelian group P of order p’, generated by 
A and B, where 
Af =i, BP =1, AB=BA, 


we have S(P)=p-1; 


while its sub-group P’, generated by A? and B, is an Abelian 
group whose operations are all of order p, so that 


3 (P’) = (p — 1) (p? -1). 


1 « Ueber auflésbare Gruppen, u,” Berliner Sitzungsberichte, 1895, p. 1028. 
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Suppose now that P is an Abelian group of order p*, 
generated by p independent and permutable operations. For 
such a group, we define! a new symbol @(P) by the equation - 


6(P) =(p—1)(p?-1)...... (pe —1). 
In forming the characteristic series of P in § 164, we 
commenced with the series of groups G, (r=1, 2, ...... ), such 
that G, consists of all the operations of P satisfying the 


relation 
SY’ =1. 


Since P is generated by p independent operations, the order 


of G, is p?, and the order of Gris cannot be greater than p*. If 


G, 
the generating operations of P are all of the same order 8, the 
series 


fe ,o,,1 
is a complete characteristic series of P, and each factor-group 
“a is of order p’. In this case, therefore, : 
3(P)=0(P). 


If however the generating operations are not all of the same 
order, G, will not be the last term of the complete characteristic 
series ; nor will G,,, and G, be consecutive terms in the series, if 


the order of 2 is p’. Hence, in this case, $(P) will be a 


factor of @(P). 


If now P’ is any sub-group of P, then it has been seen 
(§ 46) that the number of independent generating operations of 
P’ is equal to or less than p. Hence @(P’) is equal to or isa 
factor of @(P). 


177. THEOREM IX. Jf a group G, of order N, is trans- 
formed into itself by an operation S, whose order is relatively 
prime to N3(G), every operation of G is permutable with S*. 


Let p,* be the highest power of a prime p, which divides J. 


1 Frobenius, loc. cit. p. 1030. 
* Frobenius, loc. cit. p. 1030. 
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The number of sub-groups of G, and therefore also of {S, G}, 
whose order is p,”, is a factor of NV; and since the order of 8 is 
relatively prime to N, one at least of them, say P,, must be 
transformed into itself by S. Now the order of S is relatively 
prime both to p, and to S(P;); and therefore the isomorphism of 
P given on transforming its operations by S must be the 
identical isomorphism. In other words, S is permutable with 
every operation of P,;. In the same way it follows that, if 
i ig rie (hoe anes are the highest powers of pz, pg, ...+. that divide 
N, there must be sub-groups of orders p,%, p,%, ...... with every 
operation of each of which Sis permutable. But these groups 
OF OFGers: Pi", Ps", es generate G; therefore S is permu- 
table with every operation of G. 

Corollary. If the order of an isomorphism of @ is rela- 
tively prime to NV, it must be a factor of $(@). 


It follows immediately, from the theorem, that there is no 
isomorphism of G whose order contains a prime factor not 
occurring in V3(G@). Suppose, if possible, that the group of 
isomorphisms of G contains an operation S of order g™, where 
qg is a prime which does not divide N, and that the highest 
power of qg that divides 3(@) is g”, where m’<m. If p,% is 
the highest power of any prime p, which divides NV, S must 
transform some sub-group P, of order p,* into itself. Since 
q™ is not a factor of S(P,), some power of S must be per- 
mutable with every operation of P,. Hence, as in the theorem, 
it follows that some power of S, certainly S2”"”, must be permu- 
table with every operation of G. But no operation of the 
group of isomorphisms of G, except identity, is permutable 
with every operation of G. Hence the group of isomorphisms. 
cannot contain an operation of order q’, if m >m’; and there- 
fore there is no isomorphism of G whose order contains a 


higher power of gq than qg”. If then q’q’”...... , a number 
relatively prime to JN, is the order of an isomorphism of G, all 
the numbers q’, q’”, ...... are factors of $(G), and so also is 


their product. 


178. The method, by which it has been shewn in § 175 that 
the order of any isomorphism of P, which transforms every 


operation of each of the groups Pp ~ and P,,, into itself is a 
r+1 
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power of p, may be used to obtain the following more general 
result. 


THEOREM X. Jf H is a self-conjugate sub-group of G, the 
order of an isomorphism of G, which transforms every operation 


of each of the groups and H into itself,is a factor of the order 
of H. 


If S is any operation of @ not contained in H, the 
isomorphism will change S into Sh, where h is some operation 
of H. If then m is the order of h, the isomorphism transforms 


S, Sh, Sh, ......, Sh" 


cyclically; and therefore it transforms all the operations of the 
set SH in cycles of m each. If S’ is any operation of G not con- 
tained in SH, the isomorphism will interchange the operations 
of the set S’H among themselves in cycles of m’ each, where m’ 
again is the order of some operation of H. The isomorphism, 
when expressed as a substitution performed on the operations 
of G, will consist of a number of cycles of m, m’, ...... symbols ; 
and its order is therefore the least common multiple of 
i oe, Pee Now if q is any prime that divides the order 
of H, and q” the highest power of qg that occurs as the order of 
a cyclical operation of H, no power of q higher than g” can 
occur in any of the numbers m, m’, ...... ; and g” is therefore 
the highest power of q that can occur in their least common 
multiple. This least common multiple, which is the order of 
the isomorphism, must therefore divide the order of H. 


179. Ex. 1. Shew that, for the group of order p* detined by 
PP=1, @=1, M=1, G'PQ=PR, 
RP=PR, RQ=QR, 
the symbol 


P, @, Rk ) 
(pegus, P=QehRr, Re 
gives an isomorphism if 


Ba-ay=n, (mod. p). 
Hence determine the order of the group of isomorphisms, 
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Ex. 2. Shew that, for the group of order p* defined by 
Pp? — 1, Q? = is Q-'PQ =f *, 


(me, ro) 


gives an isomorphism if x is not a multiple of p; and determine the 
order of the group of isomorphisms. 


the symbol 


Ex. 3. Shew that the group of isomorphisms of the group of 
order 2”, defined by (§ 63) 
pe esha ie Q?= PEs Q>PQ =P, 


is of order 2%-°, when n>3. If n=3, its order is 24 and it is 
simply isomorphic with the last type but one of § 84, 


Ex. 4. If G is a complete group of order J, shew that the order 
of K, the holomorph of G, is V?; and that the order of the holo- 
morph of A is 2V*. 


CHAPTER XII. 


ON THE GRAPHICAL REPRESENTATION OF A GROUP’. 


180. Ovr discussions hitherto have been confined ex- 
clusively to groups of finite order. When however, as we now 
propose to do, we consider a group in relation to the operations 
that generate it, it becomes almost necessary to deal, incident- 
ally at least, with groups whose order is not finite; for it is not 
possible to say a priori what must be the number and the nature 
of the relations between the given generating operations, which 
will ensure that the order of the resulting group is finite. 


Many of the definitions given in respect of finite groups 
may obviously be extended at once to groups containing an 
infinite number of operations. Among these may be specially 
mentioned the definitions of a sub-group, of conjugate opera- 
tions and sub-groups, of self-conjugate sub-groups, of the 
relation of isomorphism between two groups and of the 
factor-group given by this relation. In regard to the last of 
them, the isomorphism between two groups, one at least of 
which is not of finite order, may be such that to one operation 
of the one group there correspond an infinitely great number of 
operations of the other. On the other hand, all the results 
obtained for finite groups, which depend directly or indirectly on 
the order of the group, necessarily become meaningless when 
the group is not a group of finite order. 


1 The investigations of this Chapter are due to Dyck, ‘‘ Gruppentheoretische 
Studien,” Math. Ann., Vol. xx, (1882), pp. 1—44. We have followed Dyck’s 
memoir closely except in two respects. Firstly, we have used a rather more 
definite geometrical operation than that of the memoir; and secondly, we have 
not specially considered a regular and symmetric division of a closed surface, 
apart from a merely regular division, 
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181. Suppose that 
Soe. a 
represent any n distinct operations which can be performed, 
directly or inversely, on a common object, and that between 
these operations no relations exist. Then the totality of the 
operations represented by 


where the number of factors is any whatever and the indices 
are any positive or negative integers, form a group G of infinite 
order, which is generated by the n operations. If, moreover, 
whenever such a succession of factors as S,*S,® occurs in the 
above expression, it is replaced by S,2**, each operation of 
the group can be expressed in one way and in one way only by 
an expression of the above form, which is then called reduced. 

It will sometimes be convenient to avoid the use of negative 
indices in the expression of any operation of the group. To this 
end we may write 

Sis r te Done 1, 
so that S,4, 1s a definite operation of the group; then 

pe = Drei Sriaeso: pes ea ee ee ro aR oy Par apse 5 Ie). 
By using these relations to replace all negative powers of 
operations wherever they occur, we may represent every 
operation of the group in a single definite way by means of 
the n+ 1 operations 

Des Se. tes a ae 
with positive indices only. 

The group, thus defined and represented, is the most 
general group conceivable that is generated by mn distinct 
operations. Any two such groups, for which n is the same, are 
simply isomorphic with each other. 

Suppose now that 

Sea iSs 
represent n distinct operations, but that, instead of being entirely 
inde pendent, they are connected by a relation of the form 


which will be represented by 
J (Si) =1. 


182] GROUPS 257 


If G is the group generated by these operations, an isomorph- 
ism may be established between G@ and @ by taking S; 
oS Fe See , n) as the operation of @G that corresponds to 
the operation S; of G. 


Then to every operation of G 


of G; for the supposition that two distinct operations of @ 
correspond to the same operation of @ leads to the result that 
between the generating operations of G@ there is a relation, 
which is not the case. On the other hand, to the identical 
operation of @ there will correspond an infinite number of 
distinct operations of G, namely those which are formed by 
combining together in every possible way all operations of @ of 
the form 
RF (S;) R, 

where F is any operation of G. These operations of G form a 
self-conjugate sub-group H; the corresponding factor-group 


S is simply isomorphic with G. 


If between the generating operations of @ there are several 
independent relations 


fi. 8)=1, fp(S)= x, ecocee » Sm(S;) = 1, 
it may be shewn exactly as before that the groups @ and G are 
isomorphic in such a way that to the identical operation of @ 
there corresponds that self-conjugate sub-group of G, which is 
formed by combining in every possible way all the operations 
of G of the form 


Ry (8p hh, Ot, 2 oa. , mM). 
182. We may at once extend the result of the preceding 
paragraph in the following way :— 
THEOREM I. Jf G is the group generated by the n operations 
Bis as es Aye 
between which the m relations 


Ai (Si) = 1, Fa (Si) — : tte , Im (S;) = 1, 
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exist ; and if @ is the group generated by the n operations 
Se ae 
which are connected by the same m relations 


ROSj=h O80]. , fm (S:) = 1, 
as hold between the generating operations of G, and by the 
further m’ relations 


9. (S;) =1, g2(8;) = 1, ...... » Im (S;) = 1; 
then G is simply isomorphic with the factor-group ey where H 


is that self-conjugate sub-group of G, which results from com- 

bining in every possible way all operations of the form 
dg (oid 47 4, 2, ,m), 

R being any operation of G. 

In proving this theorem, it is sufficient to notice that, if we 
VGA ES Ona) tee anew , n) as the operation of G which corresponds 
to the operation S; of G, then to each operation of G a single 
definite operation of G@ will correspond, while to the identical 
operation of G there corresponds the self-conjugate sub-group 


HA of G. 


The theorem just stated is of such a general nature that it is 
perhaps desirable to illustrate it by considering shortly some simple 
examples. 


Let us take first the case of a group G', generated by two in- 
dependent operations S, and S,, subject to no relations ; and let us 
suppose that the single relation 


S55, 5, 
holds between the generating operations of G. The self-conjugate 
sub-group H of G then consists of all the operations 


of G which reduce to identity if we regard S, and S, as permutable ; 
or, in other words, of those operations of G for which the relations 


Lan a 0, Bn =() 
simultaneously hold. 


In respect of this sub-group, the operations of G' can be divided 
into an infinite number of classes of the form 


Sy? StH. 
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For the operations of the class S?S,1H, multiplied by those of 
the class S/S,“ H, give always operations of the class 
SP SAS," SH, 
since // is a self-conjugate sub-group ; and, because 
SPS AS? Sof = SP? . S,-? S ASP S8,-7. 8.2%, 


while S,-” S,1S,"S,.-% belongs to H, the class S? SASS,“ H is the 
same as S,?*+?'S,7+¢ 1, Hence the operations of any two given classes, 
multiplied in either order, give the same third class ; and therefore 


the group 4, is an Abelian group generated by two permutable, 


but otherwise unrestricted, operations. 


As a second illustration, we will choose a case in which @ is of 
finite order. Let G be generated by the operations S and 7’, which 
satisfy the relations 

oid eh ieee 
and for G, suppose that the generating nate satisfy the add- 
tional relation 
(S27 }* = 

Then #H is formed by ae in all possible ways the 

operations 
Wi tac (0 iS Map yl « 2 

Now it may be easily verified that in G, the operation S7” 

belongs to a set of three conjugate operations 

Si tae, 
and that these three operations are permutable among themselves, 
while their product is identity. Hence // consists of the Abelian 
group 

(S7'2)84 (7'S7)* ; 
and in respect of //, G may be divided into 27 classes of the form 

S*(S7° 9 (TSTy oH, (a y, =, I, 2). 

The group G will be defined by the laws according to which 
these 27 classes combine among themselves; and the reader will 
have no difficulty in verifying that it is isomorphic with the non- 
Abelian group of order 27, whose operations are all of order 3 (§ 73). 


meat 8, (= 1), Sy, , Sy are the operations of a group @ 
of finite order, prove that the ‘totality of the operations of the form 
S,*S,'S,)S, generate a self-conjugate sub-group H; and that the 


group 7 is an Abelian group. Shew also that, if H’ is a self-conju- 

— is Abelian, then H’ contains H. 

(Miller, Quarterly Journ. of Math., Vol. xxvii, (1896), p. 266.) 
17—2 


gate sub-group of @ and if 
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183. For the further discussion of a group, as defined by its 
generating operations and the relations between them, a suitable 
graphical mode of representation becomes of the greatest assist- 
ance. To this we shall now proceed. 


In the simple case in which the group is generated by a 
single unrestricted operation, such a representation may be 
constructed as follows. Let C, and C_, be two circles which 
touch each other; C, and C_, the inverses of C_, in C, and C, 
in C_,; C, and C_, the inverses of C_, in C, and C, in C_,, and 
soon. These circles (fig. 1) divide the plane in which they are 


| 


Tg 


Fig. 1. 


drawn into an infinite number of crescent-shaped spaces. Sup- 
pose now that the space between C, and C_, is left white, and 
the spaces between C, and C, and between C_, and C_, (on either 
side of this white space) are coloured black; the next pair on 
either side left white, the next coloured black, and so on. Then 
any white space may be transformed into any other (and any 
black into any other) by an even number of inversions at the 
circles C_, and (,; and if S denote the operation consist- 
ing of an inversion at C_, followed by an inversion at C,, 
the space between C_, and C, will be transformed into 
another perfectly definite white space by the operation S”, 
while conversely the operation necessary to transform the space — 
between C_, and C; into any other given white space will be a 
definite power of S. Hence if one of the white spaces, say 
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that between C_, and (C;, is taken to correspond to the identical 
operation, there is then a unique correspondence between the 
white spaces and the operations of the group generated by 
the unrestricted operation S; and the figure that has been 
constructed gives a graphical representation of the group. It 
should be noticed that the actual geometrical process of in- 
version, which has been here used to construct the spaces 
corresponding to the operations of the group, 1s in no way 
essential to the graphical representation. It is however con- 
venient as giving definiteness to the construction; and later, 
when we deal with the case of a general group, such definite- 
ness becomes almost a necessity. 


In a precisely similar manner, the group generated by a 
single relation S, satisfying the relation 
S*=1, 
may be treated. In this case, we take two circles C_, and 
C, intersecting at an angle =; and from these form, as before, 


the circles obtained by successive inversions. This gives a 


Fig. 2 


finite series of n circles, each of which intersects the two next to 


it on either side at angles = while the n circles divide the 
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plane into 2n spaces. If these are left white and coloured 
black in alternate succession, and if one of the white is taken 
to correspond to the identical operation, there is a unique 
correspondence between the white spaces and the operations of 
the group generated by S, where S represents the result of 
successive inversions first at C_, and then at C). 


This operation obviously satisfies the relation 
en | 


and no simpler relation; so that the figure gives a graphical 
representation of a cyclical group of order n. 


The systems of circles in figures 1 and 2 have a common 
geometrical property which may be noticed here as it will be of 
use in the sequel. Successive inversions at any one of the pairs 
C_, and C,, C, and C,, C, and C; are equivalent to the operation 
S; and therefore successive inversions at C_, and C,, are equi- 
valent to the operation 8S” Hence the result of an even 
number of inversions at any of the circles in either figure is 
equivalent to some operation of the group that the figure 
represents. 


184. We may now proceed to construct a graphical 
representation of the group which is generated by n opera- 
tions subject to no relations. To this end, suppose n + 1 circles 
drawn, each of which is external to all the others while each 
touches two and only two of the rest. Such a system can be 
drawn in an infinite variety of ways: we will suppose, to give 
definiteness and simplicity to the resulting figure, that the 
n+1 points of contact lie on a circle, which cuts the n+1 
circles orthogonally. If these » +1 points taken in order are 
Oe ag ee, , Anii, the successive circles are Ay4,A,, A,Ao, 
es ,A,Ani. We will suppose that only so much of these 
circles is drawn as lies within the common orthogonal circle 
YY. Popeye Away. 1ne WE circular ares Ay. A, AGA. 
then bound a finite simply connected plane figure which we 
will denote provisionally by P. Suppose now that P is inverted 
in each of its sides, that the resulting figures are inverted in 
each of their new sides, and so on continually. Then from 
their mode of formation no two of the figures thus arising can 
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overlap either wholly or in part; and when the process is 
continued without limit, every point in the interior of the 
orthogonal circle A,A,......An4, will lie in one and only one of 
the figures thus formed from P by successive inversions. 


If P’ is any one of the figures or polygons so formed, the set 
of inversions by which it is derived from P is perfectly definite. 
For suppose, if possible, that P’ is derived from P by two 
distinct sets of inversions represented by = and &’. Then 
~=’— is a set of inversions in the sides of P which transforms 
P into itself. But every set of inversions necessarily trans- 
forms P into some polygon lying outside it, and therefore 


SS/41 = 


or the set of inversions composing & is identical term for term 


HVT HH Il i 
Hh | ih ii 

Hill 
i 


with the set composing =’. It immediately follows that the 
polygons can be divided into two sets, according as they are 
derived from P by an even or an odd number of inversions. The 
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latter we shall suppose coloured black, and the former (includ- 
ing P) left white. Every white polygon will be surrounded 
by black polygons and vice versa. Since there is only one 
definite set of inversions that will transform P into any other 
white polygon P’, the n+ 1 corners of P’ will correspond one 
by one to the n+1 corners of P ; and when the perimeters of 
the two polygons are described in the same direction of rotation 
with regard to their interiors, the angular points that correspond 
will occur in the same cyclical order. On the other hand, in 
order that the corresponding angular points of a white and a 
black polygon may occur in the same cyclical order, their peri- 
meters must be described in opposite directions. In consequence 
of these results, we may complete our figure (fig. 8) by lettering 
every angular point of every polygon with the same letter that 
occurs at the corresponding angular point of the polygon P. 


EOOe it NOW Ly he ca » (nia represent inversions at 
eee, Ue ae , Any A,, the operation 7,7; leaves the 


corner A, of P unchanged and it transforms P into the next 
white polygon which has the corner A, in common with P, the 
direction of turning round A, coinciding with the direction 
< BORE s EAP rae A, of describing the perimeter of P. For brevity, 
we shall describe this transformation of P as a positive rotation 
round A,. If then we denote the operation 7,7; by the 
single symbol S,, we may say that S, produces a positive 
rotation of P round A,. Let P, be the new polygon so 
obtained ; and let P,’ be the polygon into which any other 
white polygon P’ is changed by a positive rotation round the 
corner of P’ that corresponds to A,. Then if = is the set of 
inversions that changes P into P’, it also changes P, into P,’: so 
that [1S,= changes P’ into P,', i.e. produces a positive rotation 
round the corner A, of P’; and S,= changes P into Py. 


Let us now represent the operations 


PR Ae 1,7, eicrsisie e ? filet ae 
by aa Pe eee ea. re 
so that faire Harare SpSau = 1. 


Then every operation, consisting of a pair of inversions in 
the sides of P, can be represented in terms of 


Dis as Ras os ee Ras 
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For an inversion at A,A,.,,, followed by an inversion at A,A,,,, 
is given by 7',7',; and 
TT ,= Jf UE . fre APB coerce Py y 
= Ses ee eeeees fe 


If s>vr, this is of the form required. If s<r, the term 
Sri: that then occurs may be replaced by 


S,7 fae “* ee we S7 ts Fae 2 


Hence finally, every operation consisting of an even number of 
inversions in the sides of P can be expressed in terms of 


and with a restriction to positive indices, every such operation 
can be expressed in terms of 


Cg ee ae ge 


Now it has been seen that no two operations, each consisting 
of a set of inversions in the sides of P, can be identical unless 
the component inversions are identical term for term. Hence 
no two reduced operations of the form 


F (Si) 
are identical ; in other words, the n generating operations 
ee ss De 
are subject to no relations. 


If then we take the polygon P to correspond to the identical 
operation of the group G generated by 


Pe Pe sagan Aas mS 


each white polygon may be taken as associated with the 
operation which will transform P into it. The foregoing dis- 
cussion makes it clear that in this way a unique correspondence 
is established between the operations of G and the system of 
white polygons; or in other words, that the geometrical figure 
gives a complete graphical representation of the group. 


Moreover, since the operation 2S, = is a positive rotation 
round the corner A, of the polygon = (calling now P the 
polygon 1), a simple rule may be formulated for determining 
by a mere inspection of the figure what operation of the group 
any given white polygon corresponds to. 
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This rule may be stated as follows. Let a continuous line 
be drawn inside the orthogonal circle from a point in the white 
polygon 1 to a point in any other white polygon, so that every 
consecutive pair of white polygons through which the line 
passes have a common corner, a positive rotation round which 
leads from the first to the second of the pair. This is always 
possible. Then if the common corners of each consecutive pair 
of white polygons through which the line passes, starting from 
Bre Ae a viet ,A,, Ag, the final white polygon corresponds 
to the operation 


186. The graphical representation of a general group we have 
thus arrived at is only one of an infinite number that could be con- 
structed ; and we choose this in preference to others mainly because 
the form of the figure and the relative positions of the successive poly- 
gons are readily apprehended by the eye. As regards the mere estab- 
lishment of such a representation we might, still using the process of 
inversion for the purpose of forming a definite figure, have started 
with n+ 1 circles each exterior to and having no point in common 
with any of the others. Taking as the figure P the space external 
to all the circles and inverting it continually in the circles, we should 
form a series of black and white spaces of which the latter would 
again give a complete picture of the group. It is however only 
necessary to begin the construction of such a figure in order to 
convince ourselves that it would not appeal to the eye in the same 
way as the figure actually chosen. 


Moreover, as in the representation of a cyclical group, the process 
of inversion is in no way essential to the representation at which we 
arrive. Any arbitrary construction, which would give us the series 
of white and black polygons having, in the sense of the geometry of 
position, the same relative configuration as our actual figure, would 
serve our purpose equally well. 


187. If is the operation which transforms P into P’, and 
if Q is the black polygon which has the side A,A,4; In common 
with P, then & transforms Q into the black polygon which has 
in common with P’ the side corresponding to A,A,,,. If then 
we take Q to correspond to the identical operation, any black 
polygon will correspond to the same operation as that white 

* The reader who refers to Prof. Dyck’s memoir should notice that the 
definition of the operation S, above given is not exactly equivalent to that used 


by Prof. Dyck. With his notation, the white polygon here considered would 
correspond to the operation S,,S, 


seers Dy Dee 
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polygon with which it has the side A,A,,, in common. In this 
way we may regard our figure as divided in a definite way into 
double-polygons, each of which represents a single operation of 
the group. 


188. We have next to consider how, from the representation 
of a general group whose n generating operations are subject 
to no relations, we may obtain the representation of a special 
group generated by n operations connected by a series of 
relations 

F;(S)=1, (j=1, 2,...... , mM). 

It has been seen (§ 181) that to the identical operation of the 
special group there corresponds a self-conjugate sub-group H of 
the general group; or in other words, that the set of operations 
XH of the general group give one and only one operation in the 
special group. 

Hence, to obtain from our figure for the general group one 
that will apply to the special group, we must regard all the 
double-polygons of the set XH as equivalent to each other; 
and if from each such set of double-polygons we choose one as 
a representative of the set, the totality of these representative 
polygons will have a unique correspondence with the operations 
of the special group. 


We shall first shew that a set of representative double- 
polygons can always be chosen so as to form a single simply 
connected figure. Starting with the double-polygon, P,, that 
corresponds to the identical operation of the general group as 
the one which shall correspond to the identical operation 
of the special group, we take as a representative of some 
other operation of the special group a double-polygon, P,, 
which has a side in common with P,;. Next we take as 
a representative of some third operation of the special group 
a double-polygon which has a side in common with either 
P, or P,; and we continue the choice of double-polygons 
in this way until it can be carried no further. The set of 
double-polygons thus arrived at of necessity forms a single 
simply connected figure C, bounded by circular ares; and no 
two of the double-polygons belonging to it correspond to the 
same operation of the special group. Moreover, in C there is 
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one double-polygon corresponding to each operation of the 
special group. To shew this, let C’ be the figure formed by 
-combining with C every double-polygon which has a side in 
common with C; and form C” from CO’, C’” from C”, and so on, 
-as C’ has been formed from C. From the construction of C it 
follows that every polygon in C” is equivalent, in respect of the 
special group, to some polygon in C. Similarly, every polygon 
in C” is equivalent to some polygon in C’ and therefore to some 
polygon in (’; and so on. Hence finally, every polygon in the 
complete figure of the general group is equivalent to some 
polygon in C;, in respect of the special group; and therefore, 
since no two polygons of C are equivalent in respect of the 
special group, the figure Cis formed of a complete set of repre- 
sentative double-polygons for the special group. 


Suppose now that S is a double-polygon outside C, with a 
side A,'A’,,, belonging to the boundary of C. Within C there 
must be just one polygon, say S7', of the set SH. If this 
polygon lay entirely inside C, so as to have no side on the 
boundary of C, every polygon having a side in common with it 
would belong to C. Now since S and ST’ are equivalent, every 
polygon having a side in common with S is equivalent to some 
polygon having a side in common with ST. Hence since C 
contains no two equivalent polygons, S7’ must have a side on 
the boundary of C; and if this side is A,”A”,.,, the operation 7’ 
of H transforms A,’A’,,, into A,”A”,,,. Moreover, no operation 
of H can transform A,’A’,,, into another side of C; for if this 
were possible, C would contain two polygons equivalent to S. 
It is also clear that, regarded as sides of polygons within C;, 
A,'A’,,, and A,”A”.., belong to polygons of different colours. 
Hence a correspondence in pairs of the sides of C is established : 
to each portion A,’A’,,, of the boundary of C, which forms 
a side of a white (or black) polygon of C, there corresponds 
another definite portion A,” A”,,,, forming a side of a black (or 
white) polygon of C, such that a certain operation of H and its 
inverse will change one into the other, while no other operation 
of H will change either into any other portion of the boundary 
of C. 


The system of double-polygons forming the figure C, and 
the correspondence of the sides of C in pairs, will now give a 
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complete graphical representation of the group. For the figure 
has been formed so that there is a unique correspondence 
between the white polygons of C and the operations of the 
group, such that until we arrive at the boundary the previously 
obtained rule will apply ; and when we arrive at a polygon on 
the boundary, the correspondence of the sides in a enables 
the process to be continued. 


189. From the mode in which the figure C has been formed, 
no two of the figures CH can have a polygon in common, when 
for H is taken in turn each operation of the self-conjugate 
sub-group H of the general group G; also the complete 
set contains every double-polygon of our original figure. This 
set of figures, or rather the division of the original figure into 
this set, will then represent in a graphical form the self-con- 
jugate sub-group H of G. Moreover, the operations which 
transform corresponding pairs of sides of C into each other will, 
when combined and repeated, clearly suffice to transform C into 
any one of the figures CH and will therefore form a set of 
generating operations of H. 

190. A simple example, in which the process described in the 
preceding paragraphs is actually carried out, will help to familiarize 
the reader with the nature of the process and will also serve to 
introduce a further modification of our figure. The example we 


propose to consider is the special group with two generating opera- 
tions which are connected by the relations 


Oy = 1, “Sf=h,  8)55-6,4,. 
As a first step, we will take account only of the relation 
S,S,= S,S), 
and form for this special group the figure C. All operations 


for which Xa, and X8, have given values, are in the special group 
identical. We may thus select from the figure for the general group 
the set of polygons 
SSP (a,B=-0 to +o) 

as a set of representative polygons ; and a reference to the diagram’ 
(fig. 4) makes it clear that this set of polygons forms a figure with 
a single bounding curve. The black polygon which corresponds to 
the operation = has here been chosen as that which has the side 
A,A, in common with the white polygon %. 


1 In fig. 4 the orthogonal circle, which is not shewn, is taken to be a straight 
line. 
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Each double-polygon, except those of the set S,”, contributes two 
sides to the boundary of C’, one belonging to a white polygon and 


As A; AsAiA3; Ay A3A, Az A, A; 
Fig. 4. 


one to a black. The polygons, which border C and have sides in 
common with §,°,$,8, are S,S,°S,6 and S,-1S,*S,8; and these, regarded 
as operations of the special group, are equivalent to S,*S,8+! and 


S,°S\8-1. Hence the correspondence between the sides of C is such 
that 


(i) to the side A, A, of the white polygon S,*S,? corresponds the 
side A, A, of the black polygon S,*S,*-? ; 

(ii) to the side A,A, of the black polygon S,*S,* corresponds the 
side A, A, of the white polygon S,*S,#*?. 

When we now take account of the additional relations 

Se on 

the figure C is found to reduce to a set of nine double-polygons, 
which is completely represented by fig. 5. 


In addition to the correspondences between the sides of C to 
which those just written simplify when the indices of S, and S, are 
reduced (mod. 3), we have now also the correspondences, indicated 
in the figure by curved lines with arrowheads, which result from the 
new relations. Our figure may be further modified in such a way that 
its form takes direct account of these four new correspondences. 
Thus without in any way altering the configuration of the double- 
polygons, from the point of view of geometry of position, we may 
continuously deform the figure so that the pairs of corresponding 
sides indicated by the curved arrowheads are brought to actual 
coincidence. When this is done, the resulting figure will have the 
form shewn in fig. 6. The correspondence in pairs of the sides of 
the boundary is indicated in the figure by full and dotted lines, 


. 
20 


j| 
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The two unmarked portions A,A,A, correspond, as also do the two 
similar portions marked with a full Tine, and the two marked sles a 
dotted line. 


It will be noticed that, in this final form of the figure for the 
special group, direct account is taken of the finite order of the 
generating operations S, and S, and also of the operation S,S,. The 
simplification of the figure that results by thus taking account 
directly of the finite order of the generating operations, and the 
greater ease with which the eye follows this simplified representa- 
tion, are immediately obvious on a comparison of figs. 5 and 6. 


191. In the applications of this graphical representation 
of a group that we have specially in view, namely to groups 
of finite order, the generating operations themselves are 
necessarily of finite order. The generating operations 


Beg toes cates as 


Di Wig ck oe 
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and if BB kis S,Sa1;, = 1, 


then S,,, will be of finite order m,,,. We shall therefore next 
consider a group generated by n operations which satisfy the 
relations 


Re Sel , Be Saye 


The simple example we have given makes it clear that, 
at least in some particular cases, relations of this form may 
be directly taken into account in constructing our figure ; in 
such a way that in the complete figure, consisting of a finite or 
an infinite number of double-polygons, the correspondence in 
pairs of the sides of the boundary, if any, will depend upon 
further relations between the generating operations. 


We may, in fact, always take account of relations of the 
form in question in the construction of our figure as follows. 


Let us take as before n + 1 arcs of circles 
AnisA, A, A,, tcl aM ? Fs WSS. An Sed: 


bounding a polygonal figure P of n+1 corners; but now, 
instead of supposing the circles A,_,A, and A,A,,, to touch at 
A,, let them cut at an angle (measured inside P) of 


while A,An,, and Ay,,A, cut at an angle ——. Such a figure 
n+1 
can again be chosen in an infinite variety of ways: we will 


suppose that it is drawn so that the n + 1 circles have a common 
orthogonal circle. This clearly is always possible; but it is not 
now necessarily the case that this orthogonal circle is real. Let 
the figure P be now inverted in each of its sides ; let the new 
figures so formed be inverted in each of their new sides ; and so 
on continually. Then since the angles of P are sub-multiples of 
two right angles, no two of the figures thus formed can overlap 
in part without cvinciding entirely. Moreover, when the process 
is completely carried out, every point within the orthogonal 
circle when it is real, and every point in the plane of the figure 
when the orthogonal circle is evanescent or imaginary, will lie 
in one and in only one of the polygons thus formed from P by 
successive inversions. 


B. 18 
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192. Exactly as with the general group, these polygons 
are coloured white or black according as they are derivable 
from P by an even or an odd number of inversions. The 
corners of any white polygon correspond one by one to the 
corners of P; so that, when the perimeters of the polygons are 
described in the same direction, corresponding corners occur in 
the same cyclical order. 


If now the operation of successive inversions at A, ,A, and 
A, A, is represented by S,, and that of successive inversions at 
Mee BU Ae Ay DYT Is, Ai, Oye acs , n); all operations, 
consisting of an even number of inversions in the sides of P, 
can be represented in terms of 


Moreover, from the construction of the polygon P, these 
operations satisfy the relations 


Sy = be S,% — i eeeeee > Sy — ie Sry 1, 
where Sissi = iB 


Again, if P’ is any white polygon of the figure, which can be 
derived from P by the operation &, a positive rotation (§ 185) of 
P’ round its corner A,’ is effected by the operation =8S, % ; 
and, if P” is the polygon so obtained, P” is derived from P by 
the operation S,%. It is to be observed that a positive rotation 
of a polygon round its A, corner is now an operation of finite 
order ™,. 


Suppose now that two operations = and &’ transform P into 
the same polygon P’, so that }X’—! leaves P unchanged. If 
this operation, written at length, is 


es BP S'Se, 


and if P is transformed into P, by a positive rotation round 
A, repeated 6 times, P, into P, by a rotation round its 
corner A, repeated y times, and so on; then the operation 
may be indicated by a broken line drawn from P to P,, from 
P, to P,, and so on, the line returning at last to P. But the 
operation indicated by such a line is clearly equivalent to com- 
plete rotations, (i.e. rotations each of which lead to identity), 
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round each of the corners which the broken line includes. In 
other words, }X’~ reduces to identity when account is taken of 
the relations which the generating operations satisfy. Hence 
finally, to every white polygon P’ will correspond one and only 
one of the operations of the group, namely that operation 
which transforms P into P’. The same is clearly true of the 
black polygons; and by taking P and a chosen black polygon 
which has a side in common with P as corresponding to the 
identical operation, the required unique correspondence is 
established between the complete set of double-polygons in the 
figure and the operations of the group, the relations which the 
generating operations satisfy being directly indicated by the 
configuration of the figure. Moreover, as with the general 
group (§ 185), a simple rule may be stated for determining, 
from an inspection of the figure, the polygon that corresponds 
to any given operation of the group. 


193. The number of polygons in the figure and therefore 
the order of the group will still, in general, be infinite. We 
may now proceed, just as in the previous case of a quite general 
group, to derive from the figure representing the group G, 
generated by n operations satisfying the relations 


S™=1, S=1, 2.000, Se™=1, (S,M......5g he =, 


a suitable representation of the more special group G, generated 
by n operations which satisfy the above relations and in addition 
the further m relations 


I;(8) m1, Coed, By osccs. , mM). 


As has been seen in § 182, if H is the self-conjugate sub- 
group of G which is formed by combining all possible operations 
of the form 


Rf; (S;) R, 


and if = is any operation of G, then the set of operations =H, 
regarded as operations of G, are all equivalent to each other. 
From each set of polygons =H in the figure of G, we may 
therefore choose one to represent the corresponding operation 
of G; and, as was shewn with the general group, a complete 
set of such representative polygons may be selected to form a 


18—2 
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connected figure, ie. a figure which does not consist of two or 
-more portions which are either isolated or connected only by 
corners. Moreover, as in the former case, the sides of this 
figure C' will be connected in pairs A,’A’,,,; and A,”A”,,,, which 
are transformed into each other by some operation 7’ of H and 
its inverse, while no other operation of # will transform either 
A,'A’p4, or A,’A”,,, into any other side of C. 


It is not now however necessarily the case that the figure C, 
as thus constructed, is simply connected. Let us suppose then 
that C has one or more inner boundaries as well as an outer 
boundary, and denote one of these inner boundaries by L. If 
the sides of Z do not all correspond in pairs, and if A,’.A’,4; 1s a 
side of Z such that the other side A,’A”,,, corresponding to it 
does not belong to LZ, we may replace the double-polygon P” in 
C of which A,”A”,,, 1s a side by the double-polygon, not 
previously belonging to C, of which A,’A’,,, is a side. If P” 
has a side on the boundary L, the new figure C’ thus obtained 
will have one inner boundary less than C; and if P” has no side 
on the boundary LZ, the new inner boundary L’ that is thus 
formed from ZL will contain one double-polygon less than JL, 
while the number of inner boundaries is not increased. This 
process may be continued till the new inner boundary £, which 
replaces LZ is such that all of its sides correspond in pairs. 


Let now A,A,,, and A,'A’,,, be a pair of corresponding 
sides of Z,, such that A,A,,, is transformed into A,’ A’;,, by an 
operation h/ of the self-conjugate sub-group H. A side A;At4, 
of another boundary of C may be chosen such that A;A5,, 
and A;A;,, are sides of a simply connected portion, say B, of C; 
while no side of LJ, except A,A;,, forms part of the boundary of 
B. The polygons of B are equivalent, in respect of the special 
group, to those of Bh. Moreover, since the sides of L, corre- 
spond in pairs, no side of Bh, except A,;'A’;,, can coincide with 
a side of Z,. Hence when B is replaced by Bh, the inner 
boundary JL, will be got rid of and no new inner boundary will 
be formed. Finally then, C may always be chosen so as to form 
a single simply connected figure. 


The simply connected plane figure C, which has thus been 
constructed, with the correspondence of the sides of its boundary 
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in pairs, will now give a complete graphical representation of 
the special group. The rule already formulated will determine 
the operation of the group to which each white polygon 
corresponds; and when, in carrying out this rule, we come to 
a polygon on the boundary, the correspondence of the sides of 
the boundary in pairs will enable the process to be continued. 


The correspondence of the sides of C in pairs involves a 
correspondence of the corners in sets of two or more. Thus if 
A, is a corner of C and if, of the m, white polygons which in 
the complete figure have a corner at A,, m, lie within C, there 
must within C be m,—n, white polygons equivalent to the 
remainder, and each of these must have an A, corner on the 
boundary. If A,’ is a corner of C such that there are n, white 
polygons, lying within C and having a corner at A,, and if one 
of the sides of the boundary with a corner at A,’ corresponds 
to one of the sides of the boundary with a corner at A,, these 
n, White polygons must be equivalent to n, of the white polygons, 
lying outside C and having a corner at A,. If 


+N < M,, 


there must be a third corner A,”, contributing n; more white 
polygons towards the set. With this we proceed as before; and 
the process may be continued till the whole of the m, white 
polygons surrounding A, are accounted for. The set of corners 
Sop, RBey, Pea will then form a set of corresponding corners, 
which are equivalent to each other in respect of the special 
group; and the whole of the corners of C may be divided into 
such sets. At each set of corresponding corners A, of C there 
must clearly be also m, black polygons belonging to C; and 
the sum of the angles of C at a set of corresponding corners 
must be equal to four right angles. 


194. When the order of the group is finite, we may still 
further so modify our figure as to take account of the corre- 
spondence of the sides of the boundary in pairs. We may, in 
fact, by a suitable bending and stretching of the figure, bring 
corresponding sides of the boundary to actual coincidence. 
When this is done, the figure will no longer be a piece of a 
plane with a single boundary, but will form a continuous 
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surface, which is unbounded and in general is multiply con- 
nected. Every point A, on the surface, which in the plane 
figure did not lie on the boundary, will be a corner common 
to 2m,. polygons alternately black and white; and, in con- 
sequence of what has just been seen in regard to the corre- 
spondence of corners of the boundary, the same is true 
for every point A, on the surface which in the plane figure 
consisted of a set of corresponding corners of the boundary. If 
N is the order of the group, the continuous unbounded surface 
will be divided into 2N polygons, black and white. The con- 
figuration of the set of white polygons with respect to any one 
of them will, from the point of view of geometry of position, be 
the same as that with respect to any other; and the like is 
true for the black polygons. Such a division of a continuous 
unbounded surface is described as a regular division; and we 
have finally, as a graphical representation of any group of finite 
order N, a division of a continuous surface into 2N polygons, 
half black and half white, which is regular with respect to each 
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set. The correspondence between the operations of the group 
and the white polygons on the surface is given by the rule that 
a single positive rotation of the white polygon = round its 
corner A, leads to the white polygon S,~. 


195. We may again here illustrate this final modification of the 
graphical representation of a finite group by a simple example. For 
this purpose, we choose the group defined by 


Si=1, .Sf=1, S,t=1, 
5,5,5,=1, 5,7'8,5,8, =1. 
This group (§ 74) is a non-Abelian group of order 8, containing 
a single operation of order 2. The reader will have no difficulty in 
verifying that the plane figure for this group is given by fig. 7; and 
that opposite sides of the octagonal boundary correspond. The 
single operation of order 2 is 
S2(=S82=S¢); 
this corresponds to a displacement of the triangles among themselves 
in which all the six corners remain fixed. If now corresponding 
sides of the boundary are brought to coincidence, the continuous 
surface formed will be a double-holed anchor-ring, or sphere with 


Fig. 8. 
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two holes through it. A view of one half of the surface divided 
into black and white triangles, is given in fig. 8. The half of the 
surface, not shewn, is divided up in a similar manner; and the 
operation of order 2 replaces each triangle of one half by the 
corresponding triangle of the other, an operation which clearly leaves 
the six corners of the polygons undisplaced. 


196. The form of the plane figure C, which with the corre- 
spondence of its bounding sides in pairs represents the group, 
is capable of indefinite modification by replacing individual 
polygons on the boundary by equivalent polygons. If however 
we reckon a pair of corresponding sides of the boundary as a 
single side and a set of corresponding corners of the boundary 
as a single corner, it is clear that, however the figure may be 
modified, the numbers of its corners, sides and polygons remain 
each constant. This may be immediately verified on replacing 
any single boundary polygon by its equivalent. 


If now A be the number of corners, and # the number of 
sides in the figure C when reckoned as above, 2NV being the 
number of polygons, then the connectivity! 2p + 1 of the closed 
surface is given by the equation 

2p=2+4+ H-2N-A. 

When the group and its generating operations are given, 
the integer p is independent of the form of the plane figure C, 
which as has been seen is capable of considerable modification. 
The plane figure C however depends directly on the set of 
generating operations that is chosen for the group. For a given 
-group of finite order, such a set is not in general unique; and 
the number of generating operations as well as their order will 
in general vary from one set to another. It does not necessarily 
follow, and in fact it is not generally the case, that the con- 
nectivity of the surface by whose regular division the group is 
represented, is independent of the choice of generating opera- 
tions. There must however obviously be a lower limit to the 
number p for any given group of finite order, whatever 
generating operations are chosen; this we shall call the genus 
of the group”. 

1 Forsyth, Theory of Functions, p. 325. 


? Hurwitz, ‘‘Algebraische Gebilde mit eindeutigen Transformationen in 
sich,” Math. Ann. x1, (1893), p. 426. 
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197. We shall now shew that there is a limit to the order 
of a group which can be represented by the regular division of 
a surface of given connectivity 2o+1. If N is the order of 
such a group, generated by the nm operations 


sae « » Ons 
which satisfy the relations 
Bimal, Boel, cic ; Rate t, 
pS. Se . = 1; 
the surface will be divided in 2N polygons of n sides each. 
oe. PO. Peery , A, be the angular points of one of these 


polygons ; and suppose that on the surface there are C, corners 
in the set to which A, belongs, C, in the set to which A, belongs, 
and so on. Round each corner A, there are 2m, polygons; and 
each polygon has one and only one corner of the set to which 
A, belongs. Hence 


and a0 COE. eee 


Again, each side belongs to two and only to two polygons, so 


that the number of sides is 
Nn. 


Using these values for A and Gi in the formula of § 196, 
we obtain the equation 


A complete discussion of this equation for the cases p= 0 
and p=1 will be given in the next chapter. 


When p is a given integer greater than unity, we can 
determine the greatest value that is possible for NV by finding 
the least possible positive value of the expression 


ae 
an- 3-3 —. 
1 My 


If n > 4, this quantity is not less than 4, since m, cannot be 
less than 2. 


If n= 4, the simultaneous values 


Mm, = M,= M;= mM, = 2 
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are not admissible, since they make the expression zero. Its 
least value in this case will therefore be given by 
Mm, =M,=mMm=2, m=3; 
and the expression is then equal to }. 
If n = 3, we require the least positive value of 


payee 


At. a, 


Now the three sets of values 


and i= 2 ns = 3, = 6: 
each make K zero; and therefore no positive value of K can be 
less than the least of those given by 


NG = 3. ie oO nh, — 4, 
Wa 2 in = 4, — 
and ie De eh, Tg a 


These sets of values give for K the values 75, s+ and 4. 
Hence finally, the absolutely least positive value of the expression 
is 4, and therefore the greatest admissible value of V is 

84 (p —1). 

Hence! :— 

THEOREM II. The order of a group, that can be represented 
by the regular division of a surface of connectivity 2p + 1, cannot 
exceed 84(p —1), p being greater than unity. 


198. If, when a group is represented by the regular division 
of an unbounded surface, we draw a line from any point inside 
the white polygon 1 (or any other polygon) returning after any 
path on the surface to the point from which it started, it will 
represent a relation between the generating operations of the 
group. For in following out along the line so drawn the rule 
that determines the operation of the group corresponding to 
each white polygon, some operation 


F (Sj) 
1 Hurwitz, loc. cit. p. 424. 
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will be found to correspond to the final polygon; and this 
being the white polygon 1, it follows that 


F(S, =1. 


If the surface is simply connected, any such line can be 
continuously altered till it shrinks to a point ; and therefore the 
n +1 relations between the n generating operations completely 
define the group, since all other relations can be deduced from 
them. 


If however the surface is of connectivity 2p +1, there are 
2p independent closed paths that can be drawn on the surface, 
no one of which can by continuous displacement either be 
shrunk up to a point or brought to coincidence with another ; 
and every closed path on the surface can by continuous dis- 
placement either be brought to a point or to coincidence with 
a path constructed by combination and repetition of the 2p in- 
dependent paths'. Any one of these 2p independent paths will 
give a relation between the n generating operations of the 
group, which cannot be deduced from the n+1 relations on 
which the angles of the polygons depend. Moreover, every rela- 
tion between the generating operations can be represented by a 
closed path on the surface ; and therefore there can be no further 
relation independent of the original relations and those obtained 
from the 2p independent paths. There cannot therefore be 
more than 2p independent relations between the n generating 
operations of a group, in addition to the n + 1 relations that give 
the order of the generating operations and of their product ; 
2p + 1 being the connectivity of the surface by whose regular 
division into n-sided polygons the group is represented. 

The 2p relations given by 2p independent paths on the 
surface are not, however, necessarily independent. In fact we 
have already had an example to the contrary in § 195. On the 
closed surface, by the regular division of which the group there 
considered is represented, four independent closed paths can be 
drawn. Any three of the corresponding relations can be derived 
from the fourth by transformation. 


The only known cases in which the 2p relations are in- 
dependent are those of a class of groups of genus one (§ 205). 


1 Forsyth, Theory of Functions, p. 330. 


284 NOTE TO § 194 [198 


Ex. Draw the figure of the group generated by S;, S,, S;, where 
NS Fagiaye WMT. Rios Deer. toa Daa AP. OG § 


Shew from the figure that the special group, given by the 
additional relation 


(S, S;‘)? aa se 


is a finite group of order 48; and that it can be represented by the 
regular division of a surface of connectivity 5. 


Note to § 194. 


If in the process of bending and stretching, described in § 194, 
by means of which the plane figure C is changed into an unbounded 
surface, the angles of the polygons all remain unaltered, the circles 
of the plane figure will become continuous curves on the surface. 
These curves on the surface, which we will still call circles, are 
necessarily re-entrant. It is not however necessarily the case that, 
on the surface, a circle will not cut itself. 


In the plane figure for the general group, an inversion at any 
circle of the figure leaves the figure unchanged geometrically but 
interchanges the black and white polygons. Each circle is, in fact, a 
line of symmetry for the figure such that, in respect of it, there 
is corresponding to every white polygon a symmetric black polygon 
and vice versa. 


Similarly on the surface a circle which does not cut itself may 
be a line of symmetry, such that a reflection at it is an operation of 
order two which leaves the surface and its division into polygons 
unchanged, but interchanges black and white polygons. When this 
is the case, every circle on the surface will be a line of symmetry and 
no circle will cut itself. On the other hand no such operation can 
ever be connected with a circle which cuts itself. 


When such lines of symmetry exist, Prof. Dyck speaks of the 
division of the surface as regular and symmetric. 


CHAPTER XIIL 


ON THE GRAPHICAL REPRESENTATION OF GROUPS: 
GROUPS OF GENUS ZERO AND UNITY: CAYLEY’S 
COLOUR GROUPS. 


199. WE shall now proceed to a discussion in the cases 
p=0 and p=1 of the relation 


Ae 
2(p-1)=N(n-2-3--), 
which connects the number and the orders of the generating 
operations of a group with the order of the group itself; and to 
the consideration of the corresponding groups. 


For any given value of p, other than p=1, we may regard 
this relation as an equation connecting the positive integers 
oe Me esc o , Mn. It does not however follow from the 
investigations of the last Chapter that there is always a 
group or a set of groups corresponding to a given solution of 
the equation. In fact, for values of p greater than 1, this is not 
necessarily the case. We shall however find that, when p=0, 
there is a single type of group corresponding to each solution 
of the equation; and that, when p=1, there is an infinite 
number of types of group, all characterized by a common 
property, corresponding to each solution of the equation. 
When p=0, the groups are (§ 196) of genus zero; and all 
possible groups of genus zero are found by putting p=0 
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in the equation. The groups thus obtained are of special 
importance in many applications of group-theory; for this 
reason, they will be dealt with in considerable detail. 


200. When p= 0, the equation may be written in the form 


é 1 n 1 
2(1- y)-2(1-5,)3 
in this form, it is clear that the only admissible values of n are 
2 and 3. 


First, let n =2. The only possible solution then is 
N=m,=m™,=N, 


n being any integer. The corresponding group is a cyclical 
group of order n. 


Secondly, let » = 3. In this case, one at least of the three 
integers m,, M,, m; must be equal to 2, as otherwise the right- 
hand side of the equation would be not less than 2. We may 
therefore without loss of generality put m,=2. If now both 
m, and m,; were greater than 3, the right-hand side would still 
be not less than 2; and therefore we may take m, to be either 
2 or 3. When m, and m, are both 2, the equation becomes 


ig 
A ie 
giving m=n, N=2n, 


where n is any integer. 


When m, is 2 and m, is 3, the equation is 
ek 
NG im’ 
This has three solutions in positive integers; namely, 
m,=3, N=12; 
m=4, N=24; 
and m=5, N=60. 
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The solutions of the equation for the case p=0 may there- 
fore be tabulated in the form :— 


Mm ™M, m, N 


I | n n | n 
icf) 3} sme 
ur|2|3|3 | 12 
vj 2/3] 4 | 24 
Segrarsrs 


201. That a single type of group actually exists, corre- 
sponding to each of these solutions, may be seen at once by 
returning to our plane figure. The sum of the internal angles 
of the triangle A,A,A,; formed by circular arcs is, in each of 
these cases, greater than two right angles; and the common 
orthogonal circle is therefore imaginary. The complete figure 
will therefore divide the whole plane into black and white 
triangles, so that there are no boundaries to consider. More- 
over, the number of white triangles in each case must be equal 
to the corresponding value of V; for the preceding investigation 
shews that this is a possible value, and on the other hand the 
process, by which the figure is completed from a given original 
triangle, is a unique one. There is therefore a group corre- 
sponding to each solution; and the correspondence which has 
been established in any case between the operations of a group 
and the polygons of a figure, proves that there cannot be two 
distinct types of group corresponding to the same solution. 


202. The plane figure for p=0 does not, in fact, differ 
essentially from the figure drawn on a continuous simply con- 
nected surface in space. The former may be regarded as the 
stereographic projection of the latter. The five distinct types 
are represented graphically by the following figures. 


The first is a cyclical group, and the figure (fig. 9) does not 
differ essentially from fig. 2 in § 183. 


The group given by the second solution of the equation 
is called the dihedral group. It is represented by fig. 10. 
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Fig. 11. 


The group given by the third solution of the equation is 
represented in fig. 11. It is known as the tetrahedral group. 


To the fourth solution of the equation corresponds the group 
represented by fig. 12. It is known as the octohedral group. 


To the fifth solution of the equation corresponds the group 
represented in fig. 13. It is known as the icosahedral group. 


The four last groups are identical with the groups of rotations 
which will bring respectively a double pyramid on an n-sided 
base, a tetrahedron, an octohedron, and an icosahedron to co- 
incidence with itself in each case’. 


When the figures are drawn on a sphere, and the three circles 
of the original triangle and therefore also all the circles of the 
figure are taken to be great-circles of the sphere, the actual dis- 
placements of the triangles among themselves which correspond 


1 Klein, ‘‘ Vorlesungen iiber das Ikosaeder,” Chap. 1. 
B. 19 
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Fig. 13. 
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to the operations of the group can be effected by real rotations : 
about diameters of the sphere; thus the statement of the pre- 
ceding sentence may be directly verified. 7 


203. In terms of their generating operations, the five types 
of group of genus zero are given by the relations :— 


I. Sy 1 td: 8,S,=1; 


? 


Il. Rib eel Bat Sa 


Bae Sf=1, SJ=1, Sf=1, 8§,S,8,=1; 
Ty: Si=1, SJ=1, Sf=1, 8,S,S,=1; 
Ve S2=1, SJ=1, SJi=1, 8§,S,S,=1. 
The first of these does not require special discussion. 
In the dihedral group, we have 
S, S38, = SS, = S57). 

The dihedral group of order 2n therefore contains a cyclical 
sub-group of order n self-conjugately ; and every operation of 
the group which does not belong to this self-conjugate sub- 
group is of order 2. The operations of the group are given, 
each once and once only, by the form 


SASf, (4-0, 6=0 8250 ,n—1). 
When n=83, this group is simply isomorphic with the 
symmetric group of three symbols. 
In the tetrahedral group, since 
(S, S,)° =I, 
95D Na) = See) 
and therefore S,, S,-'S,S,, S,S)S,~7 are permutable with each 
other. These operations of order 2 (with identity) form a self- 


conjugate sub-group of order 4; and the 12 operations of the 
group are therefore given by the form 


S,* (S275, 82)? Sy, 


or S*S,PS,5,', (a=0, 1, 2: 8,9=0, I). 
If S, = (12) (34), S, = (123), 
then S,S, = (134): 


and therefore the tetrahedral group is simply isomorphic with 
the alternating group of four symbols. 


19—2 
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If, in the octohedral group, we write 


S;? = 8’, 
then S,S' = 88, = 8, S38, ; 
and therefore (oon Ss 
Hence 8S, and S’ generate a tetrahedral group. 
Again NEU S pron Gee wit 
and 8,88, = 8,8'8,7, 


so that this is a self-conjugate sub-group. The operations of 
the group are given, each once and once only, in the form 
Soe bees (aay Oo 0. OO ae 

If Mit is), oss (cod), 
then S,S, = (1842) ; 
and therefore the octohedral group is simply isomorphic with 
the symmetric group of four symbols. 

The icosahedral group is simple. It is, in fact, simply 
isomorphic with the alternating group of five symbols which 
has been shewn (§ 111) to be a simple group. Thus if 

S(t) 4 4 oD), 
then Sy Sp = (12345); 
so that the substitutions S, and S, satisfy the relations 
Ste Oe es Sn 

They must therefore generate an icosahedral group or one 
of its sub-groups. On the other hand, from the substitutions 
S,; and S, all the even substitutions of five symbols may be 
formed, and these are 60 in number. The group therefore 
cannot be a sub-group of the icosahedral group; the only 
alternative is that the two are identical. 

As the icosahedral group has no self-conjugate group, we 
cannot in this case so easily construct a form which will 
represent each operation of the group just once in terms of 
the generating operations. It is however not difficult to verify 
that this is true of the set of forms! 

S;*, 8,75, 5, 8,8, S38, Sf, 
S25, SPS,83S;, 


1 Dyck, ‘‘Gruppentheoretische Studien,” Math. Ann. xx, (1882), p. 35, and 
Klein, loc. cit. p. 26. 


(a, 8=0, 1, 2, 3,4). 
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204. We shall next deal with the equation in the case 
p=1. In this case alone, the order of the group disappears 
from the equation, which merely gives a relation between the 
number and order of the generating operations. This may be 
written in the form 

os (a = —) 
1 


My 
and n must therefore be either 4 or 3. 
When n is 4, the equation becomes 
1 1 1 1 
2 
™ Me Mz, ™, 
and the only solution is clearly 
Mm, = M, = mM, = Mm, = 2. 
When n is 3, the equation takes the form 
1 1 1 


1=—+— 2 
ie Me 


and is easily seen to have three solutions, viz. 
m=3, m=3, m=3; 
m=2, m=4, m=4; 

and m,=2, m=3, _m=6. 


205. Take first the solution 
n=4, m=m,=mM,=m,=1. 
The corresponding general group is defined by the relations 
Si=2l, Sel, Sf=1, Sé=], 
S,S,58;,S8, = 1. 


If we proceed to form the plane figure representing this 
group, the sum of the internal angles of the quadrilateral 
A,A,A,;A, is equal to four right angles, and the four circles 
that form it therefore pass through a point. If this point be 
taken at infinity, the four circles (and therefore all the circles of 
the figure) become straight lines. The plane figure will now 
take the form given in fig. 14, and the four generating opera- 
tions are actual rotations through two right angles about lines 
through A,, A,, A; and A,, perpendicular to the plane of the 
figure. 
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Every operation of the group is therefore, in this form of 
representation, either a rotation through two right angles 
about a corner of the figure or a translation; and it will clearly 
be the former or the latter according as it consists of an odd 
or an even number of factors, when expressed in terms of the 
generating operations. The operations which correspond to 
translations form a sub-group; for if two operations each 
consist of an even number of factors, so also does their 
product. Moreover, this sub-group is self-conjugate, since the 
number of factors in XS is even if the number in S is 
even. This self-conjugate sub-group 1s Aes by the two 
operations 


SS, afd SiS; ; 
for Ss = S185. eds, 
S, =(8,8,)7, S,S, = (8,83), 8,8, = (S,83)7 s, PSP 
and therefore every operation containing an even number of 


factors can be represented in terms of S,S, and S,S;. Lastly, 
these two operations are permutable with each other ; for 


S513 ia = Sate 0) es is Ose: 


and therefore every operation of the group is contained, once 
and only once, in the form 


Bey Soy = 6 1S 8, ya ee 


The results thus arrived at may also be verified very simply 
by purely kinematical considerations. If a group generated 
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by S,, S,, S; and S, is of finite order, there must, since it is of 
genus 1, be either one or two additional relations between the 
generating operations; and any such relation is expressible by 
equating the symbol of some operation of the general group to 
unity. Such a relation is therefore either of the form 


S, (S,8,)° (S,S3)° =l1, 

or (S,8,)° (SS, ) = 1: 
The operation S,(S,S,)’(S,S;)° of the general group, con- 
sisting of an odd number of factors, must be a rotation round 


some corner of the figure, say a rotation round the corner A, of 
the white quadrilateral }; it is therefore identical with 2—S,<. 


Now the relation >8,> =1, 
gives S,= 1. 

A relation of the first of the two forms is therefore incon- 
sistent with the supposition that the group is actually generated 


by S,, S, and S;. It, in fact, reduces the generating operations 
and the relations among them to 


Sy=1, SZ=1, SP=1, S,S,8,=1, 
which define a group of genus zero. 


The only admissible relations for a group of genus 1 are 
therefore those of the form 


(SS, (S,S,)° = 1. 
A single relation of this form reduces the operations of the 
general group to those contained in 
S,* (S,S,)7 (S285)¥, 
(a=0, 1; B=0, 1, ...,6—1; ya —o, ...,0, -.., ©): 
and the group so defined is still of infinite order. 


Finally, two independent relations 
(S, S,)? (S.S3)° = 1, 
(S, S,)” (S,S3)° = 1, 
e 6 
where b s o 


must necessarily lead to a group of finite order. If m is the 
greatest common factor of 6 and 6’, so that 


=b,m, b' =6,'m, 
b=), b : 
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where b, and b,’ are relatively prime; and if 


b,2—b/y=1; 
the two relations give 


(S, Sra Oy a A 
and S53)" = (Se 


Every operation of the group is now contained, once and 
only once, in the form 


S,* (S,S,)8 (S,8;)”, 
(2a=0,1; 8=0,1,...,.m—1; y=0,]1.,..., cb,’ — b,c’ —1); 
and the order of the group is 2 (bc’ ~ b’c). 


206. Corresponding to the solution 
n=3, m=m,=mM,=83, 
we have the general group generated by S,, S,, S;, where 
; Sia aS, 
ieriere rial E 
The sum of the three ves of the triangle A,A,A, is two 


44 


> 
p> Es 


—— 
——— 
—— 
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right angles, and therefore again the circles in the plane figure 
(fig. 15) may be taken as straight lines. When the figure is 
thus chosen, the generating operations are rotations through 3a 
about the angles of an equilateral triangle ; and every operation 
of the group is either a translation or a rotation. 


The three operations 
S,S,?, A 25, Se, S2S,, 


when transformed by S,, are interchanged among themselves. 
When transformed by S,, they become 


S38), S7S,8, 8,8, 8S25,3, 

and since (SS, = 1, 
the two latter are S,S,? and S,S,S, respectively. 

Hence the three operations generate a self-conjugate sub- 
group; and since 

S,S,. S,S,S, e S28, = ie 

this sub-group is generated by S,S,? and S,S,8,. 

These two operations are permutable ; for 


Sie. Deis = S75, = 88,555,853. 5, = S515, S82: 


Hence finally, every operation of the group is represented, 
once and only once, by the form 


Dt (Sie) (S000, (620,12; 6 a= oe. 0 

This result might also be arrived at by purely kinematical 

considerations ; for an inspection of the figure shews that the 
two simplest translations are 


S,S,? and S,S,8,, 


and that every translation in the group can be obtained by the 
combination and repetition of these. Every operation in which 
the index a is not zero must be a rotation through 37 or 47 
about one of the angles of the figure; it is therefore neces- 
sarily identical with an operation of the form 


> 8," 
If now the group generated by S,, S., 8; is of finite order, 


there must be either one or two additional relations between 
them. A relation of the form 


S,* (S, S,°)? (SS, 3 )° ve 3, 
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where a is either 1 or 2, is equivalent to 
218,22 = 1, 
so that S, = 1. 


Such a relation would reduce the group to a cyclical group of 
order 3. This is not admissible, if the group is actually to be 
generated by two distinct operations S, and S,, 


A relation (8,837)? (838,5,)° = 1, 
gives, on transformation bysas, 
(5519193) (S2S2)° =. 
Now S25) = (8)87)(8,5,8.)>, 
so that (SySaee a Sisa ae 
If m is the greatest common factor of b and c, so that 
b= b’m, Cc 77, 
where 0’ and ¢’ are relatively prime ; and if 


Va—cy=1, 
the two relations 


(8,9, (8,8,5,¥ = 1, 


and (GSr isis Ea (eevee Hey) raha a 
lead to Cope i ie halt) ¥; 
and (S,S,)” = (S_S,S,)™ie—) yea} ; 


and every operation of the group is contained, once and only 
once, in the form 

S,* (S187)? (S2S,82)7, 
where 
o—0,1.2; 8=0, 1 3, m—1) y—0 1, ..., m(6*=—bc oN, 
Thus the group is of finite order 3(b?-—bce+c?). In this case 
then, unlike the previous one, a single additional relation is. 
sufficient to ensure that the group is of finite order. Any 
further relation, which is independent, must of necessity reduce 
the group to a cyclical group of order 3 or to the identical 
operation. 


207. The two remaining solutions may now be treated in 
less detail. The general group corresponding to the solution 


n=3, m%=2, m=mM,=4, 
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is given by Si=1, S{=1, S8,=1 
S,S.83 = i, 
and is represented graphically by fig. 16. 
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All the translations of the group can be generated from the 
two operations 


S,S2, S,8,S,; 
and every operation of the group is given, once and only once, 
by the form 
Behe (5h), (420, 1 2.328 vee... 0 8 ee 
An additional relation of the form 
8," (S, 8,2) (S.8, S,)° =1, 
where a is 1, 2 or 3, leads either to 
S,=1, S,=1 or 8,=1, 
and is therefore inconsistent with the supposition that the 
group is generated by two distinct operations. 
An additional relation 


(S, 5,2) (S,S,S,) = 1 
gives (S,S2)-* (S,8,5,)° = 1: 
and if b=b,m, c=c,m, 


bhe+aqy=1, 
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where 0b, and c¢, are relatively prime, these relations are 
equivalent to 


omer A (b,2+¢,2) — i 
( NE PS ie sate ( S, S, a ag (Dye, &) 


Every operation of the group is then contained, once and 
only once, in the form 


S,% (S152)? (S28182)%, 
(a=0,1, 2,3; 8=0,1,...,.m-—1; y=0,1,...,.m(b2+¢%)—1); 
and the order of the group is 4 (b? +c’), 


208. Lastly, the general group corresponding to the 


solution 
to 1 = oe Na oO 1 


is given by Soe of — 
8, 8,8; = 1; 
and it is represented graphically by fig. 17. 
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Fig. 17. 


209] OF GENUS ONE 301 


Now it may again be verified, either from the generating 
relations or from the figure, that the two operations 
S28, and S,S,28;, 
which are permutable with each other, generate all the opera- 
tions which in the kinematical form of the group are translations ; 
and that every operation of the group is represented, once and 
only once, by the form 


Sp* (S783?) (S38,7S3)”, 
(40.1. ..027 8, yt © ee): 
Also as before, any further relation, which does not reduce 
the group to a cyclical group, is necessarily of the form 
(S25,°)? (S,5,35,)° = 1. 
On transforming this relation by S,~!, we obtain 


(S,8,2S,)° (S,25,2)¢ = 1. 


Now S252 = (S257) (S,878;) ; 
so that (S283)-° (S885) = 1. 
If then b=b.m, c=¢,m, 
be+eay=1, 


where 6, and ¢, are relatively prime, it follows that 
(S550 (b,2+5,¢,+¢,7) — if 
and (S,25,2)" = (S,S,5,)™riyte wa}, 
Every operation of the group is then contained, once and 
only once, in the form 


S; (SPSPP (S; S2S; ”, 
(a=0,1,...,5; 8=0,1,...,.m—1; y=0,1, ..., m(b2+6,c,+¢,7) —1); 
and the order of the group is 6 (b? + be +c’). 


209. There are thus four distinct classes of groups’ of 
genus 1, which are defined in terms of their generating opera- 
tions by the following sets of relations :— 


I S2=1, S?=1, S,? = 1, (S,S,S;)? = 1, 
(S,8,)*(S_S,)’ =1, (S,S,) (S,S;)” =1, (ab’—a’b > 0); 
N =2(ab’ —a’b). 


) Dyck, ‘ Ueber Aufstellung und Untersuchung von Gruppe und Irrationalitat 
regulirer Riemann’scher Flichen,” Math. Ann. xvu1, (1880), pp. 501—509. 
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it. S#=1, S3=1, (8,5, =1, 
CSAS (S,5,5;)° =1 ; 
N =3(a—ab + 6’). 


LLL. Seed S4at (88a, 
(5, 8,2)# (SyS,9)? = 1; 
N=4(a0+06'). 

IV. Get se (es 


(S,78;7)* (S,838,)? = 1; 
N = 6(a + ab + 6°). 

For special values of a and 6, some of these groups may be 
groups of genus zero; for instance, in Class I, if ab’—a'bisa 
prime, the group is a dihedral group. It is left as an exercise 
to the reader to determine all such exceptional cases. 


Ex. Prove that the number of distinct types of group, of genus 
two, is three; viz. the groups defined by 


Gi) A4=1, B=43, BAB=A>; 
Gyn 1 1, = Pa 
ai ee, Be, (ARV 1 (AB. 

210. As a final illustration of the present method of 
graphical representation, we will consider the simple group of 
order 168 (§ 146), given by 

{(1236457), (234) (567), (2763) (45)}. 


The operations of this group are of orders 7, 4,3 and 2; and 
it is easy to verify that three operations of orders 2, 3. and 7 
can be chosen such that their product is identity. 


In fact, if 
S, = (16) (34), S; = (253) (476), S, = (1673524); 
then S,5,5, = 1. 


Moreover, these three operations generate the group. The 
connectivity of the corresponding surface, by the regular division 
of which the group can be represented, is 2p + 1; where 


2» ~2=168(3 -2-4-}-4). 


210] OF GENUS THREE 303 


This gives p=3; 
it follows from Theorem II, § 197, that the genus of the 
group is 3. 

The figure for the general group, generated by S,, S;, and 
S,, where 

Sj=1, SJ=1, S/=1, 
S,S,S, = 1, 

acquires as symmetrical a form as possible, by taking the 
centre of the orthogonal circle for that angular point of the 
triangle 1 at which the angle is $7. In fig. 18 a portion of 
the general figure, which is contained between two radii of the 
orthogonal circle inclined at an angle ?7, is shewn. The 
remainder may be filled in by inversions at the different 
portions of the boundary. 
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The operations, which correspond to the white triangles of 
the figure, are given by the following table :— 


Keo 9 S955, 17 SS5S8,35, 
oS 10° S,S.5,5S; 18 S,89,5,3S, 
S25, 11 88,555, 19 S835, 
4 S29, 12 S3S,S3S, 20 = S558 Sy 
5 SS, 13 S,5S,S5,48, 2] S828, 
6 SAS, 14 SSS, 22 =-S8S,8.2S, 
7 WES. 15 S,SyS,4S, 23 S.38,5,25, 
8 8,85, 16 S29,5:45, 94 SS,4S.S2S). 


The representation of the special group is derived from 
this general figure by retaining only a set of 168 white (and 
corresponding black) triangles, which are distinct when S,, S, 
and S, are replaced by the corresponding substitutions given on 
p. 302. When each white triangle is thus marked with the 
corresponding substitution, it is found that a complete set of 
168 distinct white (and black) triangles is given by the portion 
of the figure actually drawn and the six other distinct portions 
obtained by rotating it round the centre of the orthogonal 
circle through multiples of 27. 


To complete the graphical representation of the group of 
order 168, it is necessary to determine the correspondence in 
pairs of the sides of the boundary. This is facilitated by 
noticing that the angular points A,, A», Az, ...... of the 
boundary must correspond in sets. Now the white triangle, 
which has an angle at A, and lies inside the polygon, is 
given by 

S588 783: 

This must be equivalent to a white triangle, which lies 
outside the polygon, and has a side on the boundary and an 
angle at one of the points A,, Az, ....... | 


The triangle, which satisfies these conditions and has an 
angle at Asn»i, 18 given by 


S,S,S;48, Sess 


while the triangle, which satisfies the conditions and has an 
angle at Amn, 18 given by 


S,6S,8,5S,8,? S,S,”. 
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When (16) (34) and (1673524) are written for S, and S,, we 
- find that 
S,S8,878, = S,S,S48,878,S/. 

The white triangle with an angle at A, inside the polygon 
is therefore equivalent to the white triangle with an angle at 
A,,, which lies outside the polygon and has a side on the 
boundary. It follows, from the continuity of the figure, that 
the arcs A,A, and A,,A, of the boundary correspond. Since 
the operation S, changes the figure and the boundary into 
themselves, it follows that A;A,, A,;A,,; A;A,, 4:4,,; A;As, 
A,A,; A,Ay, AsA,; An Ais, A,A,g; and A,;Ay, A,Ag; are pairs 
of corresponding sides. Hence the above single condition is — 
sufficient to ensure that the general group shall reduce to the 
special group of order 168. 


By taking account of the relation 
(S,S,%=1, or (8,5, = 1, 


the form of the condition may be simplified. Thus it may be 


written 
Ss; S,S88, = S,S,S,S, . S38, S2S,S 


= S°S,57°5,.5;° 55,5, 
or S838, = S7S,5;5,5,5,8,'. 
Now S,8,.8,S8, = S°S,5,5S,.8,5'°S,5° 
=e Dy Soy Debs: 
Hence S,*S,8,°S,S, = S,S,2S,8,78,, 
or -*9,5,* . S,5,°S, = 8,S7S8,5;8,, 
or S,8,5,8,5,' = S,S8,, 
or finally (SAS,) = 1. 


The simple group of order 168 is therefore defined abstractly 
by the relations* 
SZ=1, S7=1, (S;S3) =1, (SS,)! =1. 
Ex. Shew that the symmetric group of degree five is a group 
of genus four ; and that it is completely defined by the relations 
St=1, Sf=1, (SS)=1, (SSS) =1. 
1 This agrees with the result as stated by Dyck, ‘ Gruppentheoretische 
Studien,” Math. Ann. Vol. xx, (1882), p. 41. 
B. 20 
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211. The regular division of a continuous surface into 
2N black and white polygons is only one of many methods that 
may be conceived for representing a group graphically. 


We shall now describe shortly another such mode of 
representation, due to Cayley’, who has called it the method 
of colour-groups. As given by Cayley, this method is entirely 
independent of the one we have been hitherto dealing with; 
but there is an intimate relation between them, and the new 
method can be most readily presented to the reader by deriving 
it from the old one. 


Let UAB Pees Panera ay pre 


be the operations of a group G of order VY. We may take the 
N—1 operations other than identity as a set of generating 
operations. Their continued product 


RSs Sie 


is some definite operation of the group. If it is the identical 
operation, the only modification in the figure, which represents 
the group by the regular division of a continuous surface, will 
be that the Nth corner of the polygon has an angle of two right- - 
angles. 


With this set of generating operations, the representation 
of the group is given by a regular division of a continuous 
surface into V white and WV black polygons A,A,...... Ay, the 


angle at <A, being —_ m, being the order of S,. Suppose 


e : 
now that in each white polygon we mark a definite point. 


From the marked point in the polygon %, draw a line to. 
the marked point in the polygon derived from it by a positive 
rotation round its angle A,. Call this line an S,-line, and 
denote the direction in which it is drawn by means of an 
arrow. Carry out this construction for each polygon >, and 
for each of its angles except Ay. We thus form a figure 
which, disregarding the original surface, consists of NV points 
connected by N (N —1) directed lines, two distinct lines 
joining each pair of points. Now if the line drawn from a 

1 American Journal of Mathematics, Vol. 1, (1878), pp. 174—176, Vol. x1, 


(1889), pp. 139—157 ; Proceedings of the London Mathematical Society, Vol. 1x, 
(1878), pp. 126—133. 
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to b, where a and b are two of the points, is an S-line, then 
the line drawn from 6 to a is from the construction an S~-line. 
We may then at once modify our diagram, in the direction 
of simplification, by dropping out one of the two lines 
between a and b, say the S~-line, on the understanding that 
the remaining line, with the arrow-head reversed, will give the 
line omitted. If S is an operation of order 2, S and S~ are 
identical, and two arrow-heads may be drawn on such a line in 
opposite directions. The modified figure will now consist of 
N points connected by 4 V(N—1) lines. From the construction 
it follows at once that, for every value of r, a single S,-line ends 
at each point of the figure and a single S,-line begins at each 
point of the figure; these two lines being identical when the 
order of S, is 2. 


We may pass from one point of the figure to another along 
the lines in various ways; but any path between two points of 
the figure will be specified completely by such directions as: 
follow first an S,-line, then an S,-line, then an S;—-line, and 
so on. Such a set of directions is said to define a route. 
It is an immediate consequence of the construction that, if 
starting from some one particular point a given route leads back 
to the starting point, then it will lead back to the starting point 
from whatever point we begin. In fact, a route will be specified 
symbolically by a symbol 


Dyce PS Pegg Ae 
and if eb tiscns S,75,S,> =, 
then Sy eovcee S>7 S,S, == A 


and therefore ee S,8,S,2/ = 2’, 
whatever operation >’ may be. 


212. If the diagram of NV points connected by $V (NV —-1) 
directed lines is to appeal readily to the eye, some method must 
be adopted of easily distinguishing an S,-line from an S,-line. 
To effect this purpose, Cayley suggested that all the S,-lines 
should be of one colour, all the S,-lines of another, and so on. 
Suppose now that, independently of any previous consideration, 
we have a diagram of NV points connected by $V (V —1) coloured 
directed lines satisfying the following conditions :— 


20—2 
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(i) all the lines of any one colour have either (a) a single 
arrow-head denoting their directions: or (b) two opposed arrow- 
heads, in which case each may be regarded as equivalent to two 
coincident lines in opposite directions ; 


(11) there is a single line of any given colour leading to every 
point in the diagram, and a single line of the colour leading from 
every point: if the colour is one with double arrow-heads, the 
two lines are a pair of coincident lines ; 


(i) every route which, starting from some one given point 
in the diagram, is closed, i.e. leads back again to the given point, 
is closed whatever the starting point. 


Then, under these conditions, the diagram represents in 
graphical form a definite group of order NV. 


It is to be noticed that the first two conditions are necessary 
in order that the phrase “a rcute” used in the third shall have 
a definite meaning. Suppose that R and f&’ are two routes 
leading from a to b. Then RR’ is a closed route and will 
lead back to the initial point whatever it may be. Hence if R 
leads from c to d, so also must FR’; and therefore R and R’ are 
equivalent routes in the sense that from any given starting 
point they lead to the same final point. There are then, with 
identity which displaces no point, just NV non-equivalent routes - 
on the diagram, and the product of any two of these is a definite 
route of the set. The WV routes may be regarded as operations 
performed on the NV points; on account of the last property 
which has been pointed out, they form a group. Moreover, the 
diagram gives in explicit form the complete multiplication table 
of the group, for a mere inspection will immediately determine 
the one-line route which is equivalent to any given route; Le. 
the operation of the group which is the same as the product of 
any set of operations in any given order. 


From a slightly different point of view, every route will give 
a permutation of the V points, regarded as a set of symbols, 
among themselves; no symbol remaining unchanged unless 
they all do. To the set of N independent routes, there will 
correspond a set of NV substitutions performed on NV symbols; 
and we can therefore immediately from the diagram represent 
the group as a transitive substitution group of degree NV. 
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213. It cannot be denied that, even for groups of small 
order, the diagram we have been describing would not be easily 
grasped by the eye. It may however still be considerably 
simplified since, so far as a graphical definition of the group 
is concerned, a large number of the lines are always redundant. 


If in the diagram consisting of V points and 4V(N—1) 
coloured lines, which satisfies the conditions of § 212, all the 
lines of one or more colours are omitted, two cases may occur. 
We may still have a figure in which it is possible to pass 
along lines from one point to any other; or the points may 
break up into sets such that those of any one set are con- 
nected by lines, while there are no lines which enable us 
to pass from one set to another. 


Suppose, to begin with, that the first is the case. There will 
then, as before, be V non-equivalent routes in the figure, which 
form a group when they are regarded as operations; it is 
obviously the same group as is given by the general figure. 
The sole difference is that there will not now be a one-line 
route leading from every point to every other point, and there- 
fore the diagram will no longer give directly the result of the 
product of any number of operations of the group. 


_ If on the other hand the points break up into sets, the new 
diagram will no longer represent the same group as the original 
diagram. Some of the routes of the original diagram will 
not be possible on the new one, but every route on the new 
one will be a route on the original diagram. Hence the new 
diagram will give a sub-group; and since it is still the case that 
no route, except identity, can leave any point unchanged, the 
number of points in each of the sets must be the same. The 
reader may verify that the sub-group thus obtained will be self- 
conjugate, only if the omitted colours interchange these sets 
bodily among themselves. 


214. The simplest diagram that will represent the group 
will be that which contains the smallest number of colours and 
at the same time connects all the points. To each colour 
corresponds a definite operation of the group (and its inverse). 
Hence the smallest number of colours is the smallest number 
of operations that will generate the group. It may be noticed 
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that this simplified diagram can be actually constructed from the 
previously obtained representation of the group by the regular 
division of a surface, the process being exactly the same as 
that by which the general diagram was obtained. For if 


ra ae i eevee ’ Se 
are a set of independent generating operations, and if 
8, Ss coeeee De Say re 1 e 


we may represent the group by the regular division of a surface 
into 2N black and white (n+1)-sided polygons. When we 


draw on this surface the S,-, S,-, ...... , S»-lines, the NV points 
will be connected by lines in a single set, since from 
he He ee Sn 


every operation of the group can be constructed; and the set 
of points and directed coloured lines so obtained is clearly the 
diagram required. 


As an illustration of this form of graphical representation, 
we may consider the octohedral group (§ 201), defined by 


S?=1, SF=1, PRE Is 
Sieh, = Lb 


On the diagram already given (p. 290), we may at once draw 
S,-, S,- and S,-lines. These in the present figure are coloured 
respectively red, yellow, and green. On the lines which corre- 
spond to operations of order two (in this case the red lines), 
the double arrow-heads may be dispensed with. By omitting 
successively the red, the yellow, and the green lines we form 
from this the three simplest colour diagrams which will re- 
present the group?. 


_ 1! For further illustrations, the reader may refer to Young, Amer. Journal, 
Vol. xv, (1893), pp. 164—167; Maschke, Amer. Journal, Vol. xvim, (1896), 
pp. 156—188. 
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CHAPTER XIV. 


ON THE LINEAR GROUP’. 


215. WE shall now, in illustration of the general principles 
that have been developed in the preceding chapters, proceed to 
discuss and give an analysis of certain special groups. The first 
that we choose for this purpose is the group of isomorphisms 
of an Abelian group of order p” and type (1, 1....... to n units). 
This group has been defined and its order determined in 
§§ 171, 172. It is there shewn that the group is simply 
isomorphic with the homogeneous linear group defined by all 
sets of congruences 


Yy = Ay, + Aya +... + QnZn, 
Yo = Ag LH, + AggXy + ....-- + AonXn; (mod p) 
Yn = An ® + AngLe + o+--e- + Anntn; 


1 The homogeneous linear group and its sub-groups forms the subject of the 
greater part of Jordan’s Traité des Substitutions. The investigation of its 
composition-series, given in the text, is due to Jordan. : 

The complete analysis of the fractional linear group, defined by 


ee ’ (mod. P), 


where ad —-By=1, 

is due originally to Gierster, ‘‘Die Untergruppen der Galois’schen Gruppe der 
Modulargleichungen fiir den Fall eines primzahligen Transformationsgrades,” 
Math. Ann. Vol. xvi, (1881), pp. 319—365. With a few unimportant 
modifications, the investigation in the text follows the lines of Gierster’s 
memoir. 

A similar analysis of the simple groups of order 2"(2 -1), which can be 
expressed as triply transitive groups of degree 2"+1, has been given by the 
author, ‘‘On a class of groups defined by congruences,” Proc, L. M. S. Vol. xxv, 
(1894), pp. 132—136. 
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whose determinants are not congruent to zero; and that its 
order is 


N =(p" —1) (p*—p)...... S ateae ick 


The operation given by the above set of congruences will be 
denoted in future by the symbol 


CA Ne Cee Pe ra Gan te oa A Gan Wy eis ; 


216. It may be easily verified by direct calculation that, if 
D and D’ are the determinants of two operations S and S’ of 
the group, then DD’ is the determinant of the operation SS’, 
all the numbers involved being reduced, mod. p. Hence it 
immediately follows that those operations of the group, whose 
determinant is unity, form a sub-group. If this sub-group is 
denoted by I, the group itself being G, then IT’ is a self- 
conjugate sub-group of G. For if & is any operation of TI’ and 
S any operation of G whose determinant is D, the determinant 
of SES is D“D or unity; and therefore SS belongs to I. 
Suppose now that S is an operation! of G whose determinant is 
2, a primitive root of the congruence 


2?1=1 (mod. p). 
Then the determinant of every operation of the set 
sT 


is 2”; and therefore, if r and s are not congruent (mod. p), the 
two sets | 


S’'T and ST 


can have no operation in common. Moreover, if S’ is any 
operation of G whose determinant is 2”, then S~"S’ belongs to 
I’, and therefore S’ belongs to the set S’T. Hence finally, the 


sets 
PSE cae neh aad 


are all distinct, and they include every operation of G; so that 
G = {8,T}. 
The factor-group is therefore cyclical and of order p — 1. 


1 The operation (z.7,, 2,..., %,) has z for its determinant. 


217] LINEAR GROUP 313 


217. It may be very readily verified that the operations of 
the cyclical sub-group generated by 


are self-conjugate operations of G. To prove that these are 
the only self-conjugate operations of G, we will deal with the 
case n=3: it will be seen that the method is perfectly 
general. Suppose then that 


T =(ax,+ Bx,+ v3, aa, + B’a,4+ 25, ax, + B’ a, + yas) 
is a self-conjugate operation of G, while 
S=(azr,+ ba,+ca;, a'x2,+b'x,+¢'2;, aa, + bx, +025) 
is any operation. The relation 
ST=TS 
involves the nine simultaneous congruences! 
aa + ba’ +ca” = aa+ Ba’ + ya", 
aB + bp’ + cB” = ab + Bb’ + yb", 
ary + bry’ + cy” =ac + Be’ +e", 
etc., etc. ; 


and these must be satisfied for all possible values of the 
coefficients of S. Now 
b=c=av=0 


is a possible relation between the coefficients of S, whether 
regarded as an operation of G or I; and therefore 
y=0. 
In the same way, it may be shewn that 
B=a@=y=a’=p”=0, 

and that a=P=y’; 
so that 7’ is a power of the operation 

(2a,, 2_, 2&,). 
The only self-conjugate operations of G are therefore the powers 


of A, where A denotes 
(SG, $c, cis » Sm); 


and the only self-conjugate operations of I‘ are those operations 


1 These and all succeeding congruences are to be taken mod. p, unless the 
contrary is stated. 
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of this cyclical sub-group which are contained in I. Now the 
order of A is p—1 and its determinant is 2”. Hence the self- 
conjugate operations of [’ form a cyclical sub-group D of order 


d, where d is the greatest common factor of p—1 and n; and 
p-l 


this sub-group is generated by A @ . 


218. To determine completely the composition-series of G, 
it is necessary to find whether I’ has a self-conjugate sub- 
group greater than and containing D. A simple calculation 
will shew that, from 

(Piet ogee ie ea) 
and its conjugate operations, all the operations of [’ may be 
generated; and hence no self-conjugate sub-group of I’ which 
is different from [ itself can contain an operation of this form. 
If then it is shewn that any self-conjugate sub-group of I, 
distinct from D, necessarily contains operations of this form, it 
follows that D is a maximum self-conjugate sub-group of I’. 

We shall first deal with the case n = 2. 

If p=2, the orders of G, T and D are 6,6 and 1. In this 
case, I‘ is simply isomorphic with the symmetric group of three 
symbols, which has a self-conjugate sub-group of order 3. The 
successive factor-groups of the composition-series of G are 
therefore cyclical groups of orders 2 and 3. 


If p =3, the orders of G, and D are 48, 24 and 2. The 


factor-group > has 12 for its order, and cannot therefore be a 
simple group. The reader will have no difficulty in verifying 
that, in this case, the successive factor-groups of G have orders 
2,3, 2,2 and 2. We may therefore, in dealing with the case 
n = 2, assume that p is not less than 5. 


Let us suppose now that I has a self-conjugate sub-group 
I that contains D; and let S or 
(ax, + ba,, a’x, + b’x,) 
be one of its operations, not contained in D. 
If b is different from zero, I contains }, where > denotes 


1 + aa? 
(aa, a abi, Pied ee Ly rr aa.) ) 
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and therefore J contains =—SES, which is 
(1 + a?) (b' + aa’) , 
A+ W400, 


If b is zero, b’ is congruent with a; therefore, in any case, 
TI contains an operation S’ of the form 


(cay, da, + cla). 
Again, I contains the operation 7’, where 7’ denotes 


(- aa, ’ 


(a, 4% + 2); 
and J therefore contains S’7—S’“T, which is 
(a,, (1 —c?) a, + a). 
Hence unless 1—c?=0, Z must coincide with TI. Now, 
when p>5, c can always be chosen so that this congruence 


is not satisfied. If p=5, the square of the above operation 
=—1S=S, when unity is written for a, is 


(2,5 +a)a,+ z,) : 


unless b’+a=0, this again requires that J coincides with I. 
If finally, the condition b’+a=0 is satisfied in S, it is not 
satisfied in S7-'S“T’, another operation belonging to 7; and 
therefore again, in this case, J coincides with I. 


Hence finally, if n = 2, the factor-group > is simple, except 
when p is 2 or 3. 


219. When n is greater than 2, it will be found that it is 
sufficient to deal in detail with the case n= 3, as the method 
will apply equally well for any greater value of n. Suppose 
here again that I’ has a self-conjugate sub-group J which 
contains D; and let S, denoting 

(ax, + ba, + cx;, ax, + bx, + ca, ax, + b’x, + C25), 
be one of the operations of J which is not contained in D, 
S cannot be permutable with all operations of the form 
(a, 2, @;+,), as it would then be permutable with every 
operation of I. We may therefore suppose without loss of 
generality that S and 7’ are not permutable, 7’ denoting 
(a, %,%;+2,). Then 7“ S7'S™ is an operation, distinct from 
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identity, belonging to JZ. Now a simple calculation shews that 
this operation, say U, is of the form 


(7, -cX, a,-cX, Ax, + Ba, + Cay), 
where X is the symbo] with which S™ replaces 2. 


If c and c’ are both different from zero, I will contain an 
operation V of the form 


C 
(x, ae of te X2, 2,) ) 


and J contains V-!UV, which is of the form 
(x), a, + Baty + yi, 0H, + B’a, + 'Hs). 
Moreover, if either c or c’ is zero, the operation U itself 


leaves one Paieel unaltered. Hence J always contains opera- 
tions by which one symbol is unaltered. 


This process may now be repeated to shew that J necessarily 
contains operations of the form 


(a, &, O° @, + Bat, + yas) 5 
and, since the determinant of the operation is unity, y’ is 
necessarily congruent to unity. But it has been seen that 
the group I’ is generated from the last operation and the 
operations conjugate to it. Hence finally, if n is greater than 


2, the factor-group is simple for all values of p. 


220. The composition-series of G is now, except as regards 


the constitution of the simple group a perfectly definite. It 


has, in fact, been seen that i and D are cyclical groups of orders 


Bi 
p-—1 and d; and therefore if a, 8, y¥, ...... are distinct primes 
whose product is p—1, and if a’, B’,y’,...... are distinct primes 
whose product is d; the successive factor-groups of @ are first, 
a series of simple groups of prime orders a, 8, ¥, .....- : then 


a simple group of composite order and lastly, a series 


N . 
(p—1)a 
of simple groups of prime orders a’, B’, 7’, ....+. 


The sequence in which the set of simple groups of orders 
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0, A iss: are taken in the composition-series may be clearly 
any whatever, and the same is true of the set of factor-groups 
Of sedore «, 8; of, ciecci ; but it is to be noticed that, when d is 
not equal to p—1, the composition-series is capable of further 
modifications. In this case, {A, I} is a self-conjugate sub-group 
of G of order es which has a maximum self-conjugate sub-group 
{A} of order p—1. The successive composition-factors of G 
may therefore be taken in the sequence 


tay N 
Oy, is Genpact & ie : 


@- 
and their arrangement may be yet further changed by con- 
sidering the self-conjugate sub-group {A™, I}, where m is a 
P —_— 


factor of p—1 less than E 


221. For every value of p", except 2? and 37, it thus 
appears that the linear group may be regarded as defining a 
simple group of composite order. We shall now proceed 
to a discussion of the constitution of the simple groups thus 
defined when n= 2, p being greater than 3*. In this case, the 
group I is defined by the congruences 


Y, = ax, + Bar, 
Yo= yt, + 8x,, (mod. p); 
ad — By =1, 


and since p—1 is divisible by 2 when p is an odd prime, d is 
equal to 2. Hence the self-conjugate operations of I’ are 
(x,, ) and (— 2, — 2). 

The order of Tis p(p?— 1), and therefore the order of the 
simple group, H, which it defines is }p(p?—1). Suppose now, 
if possible, that I’ contains a sub-group g simply isomorphic 
with H. If S is any operation of I, not contained in g, the 
whole of the operations of [ are contained in the two sets 


g, Sg. 


* For the case n=3 the reader may consult a paper by the author ‘‘On a 
a of groups defined by congruences,” Proc. L. M. S. Vol. xxv1, (1895), pp. 58— 
1 
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Now (a, — a), whose square (—2,, — 2) is a self-conjugate 
operation, cannot be contained in the simple group g. Hence 
both (a, — #,) and (— a, — #,) are contained in Sg, an obvious 
contradiction. Therefore I’ contains no sub-group simply 
isomorphic with H. 


For a discussion of the properties of H, some concrete 
representation of the group itself is necessary; this may be 
obtained in the following way. Instead of the pair of homo- 
geneous congruences that define each operation of I’, let us, 
as in § 113, consider the single non-homogeneous congruence 


_ar+P 
ya t+ 8? 
where ao — By =1. 


(mod. p), 


Corresponding to every operation 
(ax, + Ba,, yx, + 52») 


of I’, there will be a single operation of this new set; namely 
that in which a, 8, y, 6 have respectively the same values. But 
since the operations 


an 
Be yt BO = ye = 8 
are identical, two operations 
(az, + Ba,, yx, + da.) and (— ax, — Bx, — yx, — 5x) 
of I’ will correspond to each operation 


ene aha 8) 
ya + 6 


of the new set; the two self-conjugate operations 


(#,, %) and (— 2, — 22), 


in particular, corresponding to the identical operation of the 
new set. Moreover, direct calculation immediately verifies 
that, to the product of any two operations of I’, corresponds the 
product of the two corresponding operations of the new set. 
Hence the new set of operations forms a group of order 4p (p*— 1), 
with which [' is multiply isomorphic; the group of order 2 
formed by the self-conjugate operations of I corresponding to 
the identical operation of the new group. 
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The simple group H, of order $p(p*— 1), which we propose 


to discuss, can therefore be represented by the set of operations 
= +8 
~ ya +6’ 

where ad — By=1, 


(mod. p) ; 


a, B, y, 8 being integers reduced to modulus p. 


222. Since the order of H is divisible by p and not by p*, 
the group must contain a single conjugate set of sub-groups of 
order p. Now the operation 


y=a+1, 
or (2+ 1) as we will write it in future, is clearly an operation 
of order p: for its nth power is («#+), and p is the smallest 
value of n for which this is the identical operation. If 


(w+ 1) and (+5) are represented by P and S, then 


Ce Coast) 
s eS ete 3 
This is identical with P, only if 


y=0, @=1; 
and therefore P is permutable with no operations except its 
own powers. On the other hand, if 
vy =0, 
then Soin =atr”. 
and therefore every operation, for which y= 0, transforms the 
sub-group {P} into itself. These operations therefore form a 


sub-group: a result that may also be easily verified directly. 
The order of this sub-group is the number of distinct operations 


(=+*) for which aS=1. The ratio 2 must be a quadratic 


8 
residue, while @ may have any value whatever. Hence the 
order of the sub-group is }(p—1)p; and H therefore contains 
p+1 sub-groups of order p. Since H is a simple group, it 
follows (§ 125) that it can be represented as a transitive 
substitution group of degree p+1. 
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This representation of the group can be directly derived, as 
in § 113, from the congruences already used to define it. Thus 
if, in 

_ar+B 

3 yu + 8’ 
we write for 2 successively 0, 1, 2,...... , p—1, 0, the p+1 
values obtained for y, when reduced mod. p, will be the same 
p+1 symbols in some other sequence. For if 


av,+8 _ at,+B8 
ya, +8 ya, + 8? 
then (ad — Bry) (x, — 2) = 0, 


and therefore x, = a. 


Each operation of H gives therefore a distinct substitution 
performed on the symbols 0, 1,...... , p—1, ©; and the complete 
set of substitutions thus obtained gives the representation of H 
as a transitive substitution group of degree p+1. Since H 
contains operations of order p, this substitution group must be 
doubly transitive. That this is the case may also be shewn 
directly. Thus 


—a m et 
y—b x—b’ 


eS 


is an operation changing a’ into a and Ob’ into b. This operation 
may be written 

_k (bm —a)a +k (ab! —ma’b) 

~ k(m—1)a+k(l'— me) ’ 
and its determinant is 

k?m (b — a) (b'—@’). 
If now (b — a) (b’ —q’) is a quadratic residue (or non-residue) 

mod. p,m may be any quadratic residue (or non-residue) ; and k 
can always be chosen so that the determinant is unity. There 


are therefore $(p — 1) substitutions in the group, changing any 
two symbols a’, b’ into any other two given symbols a, 6. 


Further, if the operation (=*4) keeps x unchanged in the 


substitution group, « must satisfy the congruence 


axz+ P 
“2=—, 
ya td 
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that is yx? + (8-—a)a—B=0. 

Such a congruence cannot have more than two roots; and 
therefore every substitution displaces all, all but one, or all but 
two, of the p + 1 symbols. 


223. The substitutions, which keep either one or two 
symbols fixed, must therefore be regular in the remaining p or 
p-1 symbols. Hence the order of every substitution which 
keeps just one symbol fixed must be p; and the order of every 
substitution that keeps two symbols fixed must be equal to or 
be a factor of p—1. Now it was seen in the last paragraph 
that the order of the sub-group that keeps two symbols fixed is 
$(p—1). Moreover, if z is a primitive root mod. p, the 
sub-group that keeps a and b fixed contains the operation 


and the order of this operation is }(p—1). Hence, the 
sub-group that keeps any two symbols fixed is a cyclical group 
of order 4(p—1); and every operation that keeps two symbols 
fixed is some power of an operation of order }(p—1). Since the 
group is a doubly transitive group of degree p+1, there must 
be 4(p+1)p sub-groups which keep two symbols fixed; and 
these must form a conjugate set. Each is therefore self- 
conjugate in a sub-group of order p—1. To determine the 
type of this sub-group, we may consider the sub-group keeping 


0 and fixed: this is generated by Q, where Q denotes (=). 


If (=*5) is represented by S, then 


rose (BSD) 
which can be a power of Q only if 
aB=0, yd=0. 
Hence either B=y=0, 


in which case S is a power of Q: or 


a=s=0, y=-8". 
21 
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In the latter case, we have 


s=(g4) 


which is an operation of order 2; and then 


The group of order p—1, which contains self-conjugately a 
cyclical sub-group of order $(p—1) that keeps two symbols fixed, 
is therefore a group of dihedral (§ 202) type. Moreover, if ¢ is 
any factor of p—1, this investigation shews that {S, Q} is the 
greatest sub-group that contains {Q‘} self-conjugately. 


224, A substitution that changes all the symbols must 
either be regular in the »+1 symbols, or must be such that 
one of its powers keeps two symbols fixed. The latter case 
however cannot occur; for we have just seen that, if Q is an 
operation, of order 4(p—1), which keeps two symbols fixed, 
the only operations permutable with Q’ are the powers of Q. 
Hence the substitutions that change all the symbols must 
be regular in the p+1 symbols, and their orders must be 
equal to or be factors of p+1. 


Suppose now that 2 is a primitive root of the congruence 
1 — 1 = 0 (mod. p), | 


so that 7 and 7” are the roots of a quadratic congruence with 
real coefficients ; and consider the operation K, denoting 


where é is not a multiple of p+ 1. On solving with respect to 
y, K is expressed in the form 


ad i mf : 
AGH)@ a : ( +1) (p-1) g(p-)) — ¢-(-)) J+) 
7 


x 
k k ,. k k 
ga? -d ar aay 2) Fat ase 


< 
III 


k k ? 
g(o~l) f -Gd) get Ag-1)(e-» (G1) @-0 


Pee k k Re Po 
ga? oat ey sig 9 (P 1) 
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an operation of determinant unity. It will be found, on writing 
w for i in the coefficients of this operation, that they remain 
unaltered; therefore, since they are symmetric functions of 
i and 7”, they must be real numbers. The operation therefore 
belongs to H. The nth power of this operation is given by 

a —v 


— qk 
JOT = jmp — 
y — a — UP 


and therefore, since the first power of 7 which is congruent to 
unity, mod. p, is the (p?—1)th, the order of the operation is 
4(p+1). If we write kp for k in the operation K, the new 
operation is K~'; but if & is replaced by any other number F’, 
which is not a multiple of p +1, the new operation K’, given by 
yo = 72(p—1) Cae 
y —veP a — iP’ 


generates a new sub-group of order $(p+1), which has no 
operation except identity in common with {Kk}. Now there are 
p?—p numbers less than p?—1 which are not multiples of 
p+1; therefore H contains $(p*?—p) cyclical sub-groups of 
order 4(p+1), no two of which have a common operation 
except identity. The corresponding substitutions displace all 
the symbols. 


225. A simple enumeration shews that the operations of 
the cyclical sub-groups of orders $(p—1), p and $(p+1), 
exhaust all the operations of the group. Thus there are, 
omitting identity from each sub-group: } 

(i) 4p(p+1) sub-groups of order 4 (p — 1), containing 
dp (p?—1)—4p*— 3p distinct operations ; 

(ii) 4p(p-—1) sub-groups of order 4 (p +1), containing 
tp (p?—1)—4p*+4p distinct operations ; 

(iii) p+1 sub-groups of order p, containing 

p?—1 distinct operations ; 


and the sum of these numbers, with 1 for the identical opera- 
tion, gives 4p(p*—1), which is the order of the group. 


Every operation that displaces all the symbols is therefore 
the power of an operation of order 4(p+ 1). 
21—2 
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226. We shall now further shew that the 4p (p —1) sub- 
groups of order $(p+1) form a single conjugate set, and that 
each is contained self-conjugately in a dihedral group of order 
p+i1. Let S be any operation of H, which is permutable with 
{K} and replaces 7* by some other symbol j7. Then SKS is 
an operation which leaves j unaltered ; it may therefore be ex- 
pressed in the form 


This can belong to the sub-group generated by K, only if 7 
and 7’ are the same pair as 2* and 7*”, Hence 7 must be either 
v or # ; and similarly, if S replaces 7” by 7’, the latter must be 
either 7” or 7*, Hence either S must keep both the symbols 
and v” unchanged or it must interchange them; and con- 
versely, every operation which either keeps both the symbols 
unchanged or interchanges them, must transform {kK} into 
itself. If S keeps both of them unchanged, it is a power of 
_ HK. If S interchanges them, it is of the form 


y—- ——g — iP 


~, = i — Zz > 
y — ¥P x — oe? 


and a simple calculation shews that 
S7“KS= kK. 

If we take m=1, S becomes 
aty=t+i, 


an operation belonging to H. Hence the cyclical sub-group {K} 
is contained self-conjugately in the sub-group of {S, K} which is 
of dihedral type. If there were any other operation S’, not con- 
tained in {S, K}, which transformed K into its inverse, then 
SS’ would be an operation permutable with K and not con- 
tained in {K}. It has just been seen that no such operation 
exists. Hence {S, K}, of order p+ 1, is the greatest sub-group 
that contains {K} self-conjugately; and {AK} must be one of 
4p(p—1) conjugate sub-groups. 


227. The distribution of the operations of H in conjugate 
sets is now known. <A sub-group of order p is contained self- 
conjugately in a group of order 4p(p—1), while an operation 
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of order p is permutable only with its own powers. There are 
therefore two conjugate sets of operations of order p, each set 
containing 4(p?—1) operations. Again, each of the operations 
of a cyclical sub-group of order 4(p — 1) or 4 (p + 1) is conjugate 
to its own inverse and to no other of its powers. Hence if 
4 (p +1) is even and therefore $(p—1) odd, there are } (p—3) 
conjugate sets of operations whose orders are factors of 4(p—1), 
each set containing p?+p operations; }(p—3) conjugate sets 
of operations whose orders are factors of $(p+1), other than 
the factor 2, each set containing p* — p operations; and a single 
set of operations of order 2, containing 4(p*—p) operations. If 
$(p—1) is even and $(p +1) odd, there are 4(p — 1) conjugate 
sets of operations whose orders are factors of $(p+1), each 
containing p?—p operations; +(p—5) conjugate sets whose 
orders are factors of 4(p— 1), other than the factor 2, each 
set containing p?+ p operations; and a single set of $(p?+>p) 
conjugate operations of order 2. In either case, the group 
contains, exclusive of identity, $(p+3) conjugate sets of 
operations. 


228. Since p—1 and p+1 can have no common factor ex- 
cept 2, it follows that, if g” denote the highest power of an odd 
prime, other than p, which divides the order of H, g™ must be a 
factor of 4( p—1) or of $(p+1); and the sub-groups of order 
q’" must be cyclical. Moreover, since no two cyclical sub-groups 
of order 4 (p—1), or $(p+1), have a common operation except 
identity, the same must be true of the sub-groups of order q”. 


If 2” is the highest power of 2 that divides $(p—1) or 
4(p+1), 2” will be the highest power of 2 that divides the 
order of H. Moreover, a sub-group of order 2”*' must contain 
a cyclical sub-group of order 2” self-conjugately, and it must 
contain an operation of order 2 that transforms every operation 
of this cyclical sub-group into its own inverse; in other words, 
the sub-groups of order 2"*" are of dihedral type. 


Suppose now that two sub-groups of order 2”*! (m > 1) have 
a common sub-group of order 2”(r>2). Such a sub-group 
must be either cyclical or dihedral: in the latter case, it 
contains self-conjugately a single cyclical sub-group of order 
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2”, Hence, on the supposition made, a cyclical sub-group of 
order 4 at least would be contained self-conjugately in two 
distinct cyclical sub-groups of order 2”. It has been seen that 
this is not the case; and therefore the greatest sub-group, that 
two sub-groups of order 2+! can have in common, must be a 
sub-group of order 4, whose operations, except identity, are all 
of order 2. Now every group of order 2” contains one self- 
conjugate operation of order 2, and 2” operations of order 2 
falling into 2 conjugate sets of 2” each. Moreover, the group 
of order p+1, which has a cyclical sub-group of order 2” and 
contains the operation A of order 2 of this cyclical group 
self-conjugately, has $(p+1) other operations of order 2; and 
ptl 
Qm-+1 
which has A for its self-conjugate operation. If now B is 
any operation of order 2 of this sub-group of order p +1, and 
if it is distinct from A, then B enters into a sub-group of 
order 2”* that contains A self-conjugately. But since A is 
permutable with B, A must belong to the sub-group of order 
p+1, which contains B self-conjugately; hence A enters into 
a sub-group of order 2”*! which contains B self-conjugately. 
The sub-group {A, B} is therefore common to two distinct 
sub-groups of order 2+, Now no group of order 2”(r> 2) 
can be common to two sub-groups of order 2”"*1; and therefore 
{A,B} must (§ 80) be permutable with some operation S whose 
order s is prime to 2. If s is not 3,8 must be permutable with 
A and B: and then {A, S} and {B, S} would be two distinct 
sub-groups of orders 2s, whose operations are permutable with 
each other. It has been seen that H does not contain such 
sub-groups. Hence s=3; and S transforms A, Band AB cycli- 
cally, or {S, A, B} is a sub-group of tetrahedral type (§ 202). 


The number of quadratic* sub-groups contained in H may 
be directly enumerated. A group of order 2”* contains 27 
such sub-groups, which fall into 2 conjugate sets of 2” each ; 
a single group of order 8 containing each quadratic group self- 


Piss 
att 


therefore it contains sub-groups of order 2", each of 


conjugately. The quadratic groups, contained in the 


sub-groups of order 2”+' of a sub-group of order p +1, are 


* A non-cyclical group of order 4 is called a quadratic group. 
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clearly all distinct, and each quadratic group belongs to just 3 
groups of order p+1; thus {A, B} belongs to the 3 groups 
which contain A, B and AB respectively as self-conjugate 
operations. Hence the total number of quadratic groups con- 
tained in H is 


sp (p + 1) 4 sat + 9m f= 2 AN =, 


229. The greatest sub-group of a group of order 2”*, that 
contains a quadratic group self-conjugately, is a group of order 
8 and dihedral type; and it has been shewn that 3 is the 
only factor, prime to 2, that occurs in the order of the sub- 
group containing a quadratic group self-conjugately. Hence 
finally, the order of the greatest group containing a quadratic 


+p we —1) 


group self-conjugately is 24, and the quadratic 


groups fall into two conjugate sets of 2p »gr=D) 4 ») each. The 


group of order 24, that contains a quadratic group self-con- 
jugately, contains also a self-conjugate tetrahedral sub-group, 
while the sub-groups of order 8 are dihedral. Hence (§ 84) this 
group must be of octohedral type. 


Since every tetrahedral sub-group of H contains a quadratic 
sub-group self-conjugately, and every octohedral sub-group 
contains a tetrahedral sub-group self-conjugately, there must 
also be two conjugate sets of tetrahedral sub-groups and two 
conjugate sets of octohedral sub-groups, the number in each set 

9 2P (p*— 1) 
bein 7 ad 


230. We have hitherto supposed m>1, or what is the 
same thing, p=+1 (mod. 8). If now m=1, so that p=+3 
(mod. 8), the highest power of 2 that divides the order of H is 
2?; and, since 2? is not a factor of $(p+1), the sub-groups of 
order 2? are quadratic. Moreover, since 2? is the highest power 
of 2 dividing the order of H, the quadratic sub-groups form 
-asingle conjugate set. Each sub-group of order p + 1, which 
has a self-conjugate operation of order 2, contains }(p +1) 
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sub-groups of order 4, and each of the latter belongs to 3 of the 
former. The total number is as before 


3p (p?—1) 
bee 


and since they form a single conjugate set, each quadratic group 
is self-conjugate in a group of order 12. Also, for the same 
reason as in the previous case, this sub-group is 2 tetrahedral 
type. 

Finally, since every sub-group of H of tetrahedral type 
must contain a quadratic sub-group sepia acd H must 


Poa!) 


contain a single conjugate set of BP — tetrahedral sub- 


groups. In this case, the order of # is divisible by 24, and 
therefore the question of octohedral sub-groups does not arise. 


231. The group H always contains tetrahedral sub-groups ; 
when its order is divisible by 24, it contains also octohedral 
sub-groups. Now if p=+1 (mod. 5), the order of H is 
divisible by 60: it may be shewn as follows that, in these cases, 
H contains sub-groups of icosahedral type. 


Let us suppose, first, that p=1 (mod. 5); and let 7 be a 
primitive root of the congruence 


j= 1 (mod. p). 


1 


Then ( & =) , which we will denote by A, is an operation of order 
5. The operations of order 2 of H are all of the form B, where 


B denotes & am ) , since each is its own inverse. Now 

AB = (= ‘ os) 

ye — apt}? 
and (§ 203) if A and B generate an icosahedral group, 
(ABY = 1. 
A simple calculation shews that, if this condition is satisfied, 
then 
a(7—prv=l. 

Also, since the determinant of B is unity, 


e+ By=—1. 
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These two congruences have just p—1 distinct solutions, 
the solutions a, 8, y and —a, —8, —y¥ being regarded as 
identical. There are therefore p — 1 operations of order two in 
H, namely the operations 


pete 
e ya — nee 7 
Y Doe iB 
where By =-1- ee : 
i Ta iy 
which with A generate an icosahedral sub-group. 


The group generated by 


viz. those for which 


B _ 8.9", sf - Net, (n 7 0, 1, 2, 3, 4). 


Hence the sub-group {A}, of order 5, belongs to $(p—1) 
distinct icosahedral sub-groups. Now each icosahedral sub- 
group has 6 sub-groups of order 5; and H contains $p (p+ 1) 
sub-groups of order 5 forming a single conjugate set. The 
number of icosahedral sub-groups in H is therefore 


del atte —*) 

1P— tp(pt =P. 
The group of isomorphisms of the icosahedral group is the 
symmetric group of degree 5 (§ 173). Now H can contain no 
sub-group simply isomorphic with the symmetric group of 
degree 5. For if it contained such a sub-group, an operation of 
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order 5 would be conjugate to its own square; and this is not 
the case. 


Hence (§ 165), if an icosahedral sub-group K of H is con- 
tained self-conjugately in a greater sub-group LZ, then Z must be 
the direct product of K and some other sub-group. This also is 
impossible; for the greatest sub-group of H in which any cyclical 
sub-group, except those of order p, is contained self-conjugately, 
is of dihedral type. Hence Z must coincide with K, and K 
+p (p*— 1) 

60 
hedral sub-groups of H therefore fall into two conjugate sets of 
op (p* — 1) 

60 


In a similar manner, when p=—1 (mod. 5), we may take as 
a typical operation A, of order 5, 


must be one of conjugate sub-groups. The icosa- 


each. 


. and it may be shewn, the calculation being rather more 
cumbrous than in the previous case, that there are just p+1 
z+ B "|, 


operations B, of the form eo such that 


ye 
(ABY = 


and that five of these belong to the icosahedral group gene- 
rated by A and any one of them. It follows, exactly as 


; _ ep(p?—-l). 
in the previous case, that H contains sapere icosahedral 
sub-groups, which fall into two conjugate sets, each set con- 


taining eek ee groups. 


232. Finally, we proceed to shew that H has no other 
sub-groups than those which have been already determined. 
Suppose, first, that a sub-group h of H contains two distinct 
sub-groups of order p. These must, by Sylow’s theorem, form 
part of a set of kp+1 sub-groups of order p conjugate within 
h. Now ’H contains only p+1 sub-groups of order p, and 


232] LINEAR GROUP 331 


therefore k must be unity and A must contain all the sub-groups 
of order p; or since H is simple, h must contain and therefore 
coincide with H. Hence the only sub-groups of H, whose orders 
are divisible by p, are those that contain a sub-group of order 
p self-conjugately. They are of known types. 


Suppose next that g is a sub-group of H, whose order n 
is not divisible by p, and let S, be an operation of g whose 
order g, is not less than the order of any other operation of g. 
In H the sub-group {S,} is self-conjugate in a dihedral group of 
order p+1; and the greatest sub-group of this group, which 
contains no operation of order greater than qg,, is a dihedral 
group of order 29g,. Hence in g the sub-group {S,} is self- 
conjugate in a group of order q or 2q,, and therefore it forms 
one of : or of a conjugate sub-groups. Moreover, no two of 

1 1 
these sub-groups contain a common operation except identity ; 
and they therefore contain, excluding identity, - Ga) - distinct 


1 
operations, where e¢, is either 1 or 2. 


Of the remaining operations of g, let S, be one whose 
order g, is not less than that of any of the others. The 
n(m—1) 

ah 
operations already accounted for, since S, is not a power of any 
one of these operations. Hence, exactly as before, {S,} must 


operation S, cannot be permutable with any of the 


form one of conjugate sub-groups in g, e, being either 1 or 
2 


n (q.— 1) 

2 
distinct from identity, from each other, and from those of the 
previous set. This process may be continued till the identical 
operation only remains. Hence, finally, n being the total 
number of operations of g, we must have 


2; and these sub-groups contain operations which are 


na1¢3E"he—2 ~ 


Evy 


or 2S: 
n a= 
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233. In this equation, let 7 of the e’s be 1 and s of them be 
2, so that 7 +s is their total number, say m. Then 


ent 31-5) -20-a) 


<1—r+4r—ts+ts 
<1-—4r—js 
<1—1m. 
Hence, since ” is a positive integer, there cannot be more 
than three terms under the sign of summation. Moreover, since 


1 
acter mk 


r cannot be greater than 1, and therefore not more than one of 
the e's can be unity. Also, when one of the e’s is unity, we have 


1 a. 
~=-—454+>5— 
en Bes 24u 

<4—4s+4 
<1i(2—s), 


so that, in this case, s cannot be greater than unity. The 
solutions are now easily obtained by trial. 
(i) For one term in the sum, the only possible solution is 
od oe i; ee > 
and the corresponding group is cyclical. 


(ii) For two terms in the sum, the solutions are 


20192 
(W) 4-6-2 7 rarer 


(8) 4=2,6=1,q=2,n= 2; 
(y)- a=Le=2,q,=3, = 2,n=12. 
To the solution («) there corresponds no sub-group; for 
n< 2q,, and the values q=q, ¢,=2 imply that g has a sub- 
group of order 2q,. 


To the solution (8) correspond the sub-groups of order 2q, 
of dihedral type, for which g, is odd, so that the operations of 
order 2 form a single conjugate set. 
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To the solution (y) corresponds a sub-group of order 12 
containing 8 operations of order 3 and 3 operations of order 2, 
ie, a tetrahedral sub-group. 


(iii) For three terms in the sum, the solutions are 


(a) e=e=6¢=?2, q,=2, g,=2, n= 2q,; 
(8) » » h=3, g=3, g=2, n=12; 
(y) »” » Hn=4 @=3, g=2, n=24 ; 
(8) » » H=5, g@=3, g=2, n=60. 


To the solution (a) correspond the sub-groups of order 2q, 
of dihedral type, in which q, is even, so that the operations of 
order 2, which do not belong to the cyclical sub-group of order 
qi, fall into two distinct conjugate sets. 


To the solution (8) would correspond a group of order 12 
containing 3 operations of order 2 and 4 sub-groups of order 3 
which fall into two conjugate sets of 2 each. Sylow’s theorem 
shews that such a group cannot exist; and therefore there is no 
sub-group of H corresponding to this solution. 


Solution (y) gives a group of order 24, with 3 conjugate 
cyclical sub-groups of order 4, 4 conjugate cyclical sub-groups 
of order 3, and 6 other operations of order 2 forming a single 
conjugate set. No operation of this group is permutable with 
each of the 4 sub-groups of order 3; and therefore, if the group 
exists, it can be represented as a transitive group of 4 symbols. 
On the other hand, the order of the symmetric group of 4 
symbols, which (§ 203) is simply isomorphic with the octohedral 
group, is 24; and its cyclical sub-groups are distributed as 
above. Hence to this solution there correspond the octohedral 
sub-groups of H. 


Solution (8) gives a group of order 60, with 6 conjugate 
sub-groups of order 5, 10 conjugate sub-groups of order 3, and 
a conjugate set of 15 operations of order 2. It has been shewn, 
in § 85, that there is only one type of group of order 60 that 
has 6 sub-groups of order 5; viz. the alternating group of 
degree 5: and that, in this group, the distribution of sub-groups 
in conjugate sets agrees with that just given. Moreover, the 
alternating group of degree 5 is simply isomorphic with the 


334 GENERALIZATION OF [233 


icosahedral group. Hence to this solution there correspond the 
icosahedral sub-groups of H. 


234. When p> 11, then $p(p—1)> 60; and, when p >3, 
tp(p-—1)>p+1. Hence when p>11, the order of the 
greatest sub-group of H is 4p(p—1), and the least number of 
symbols in which H can be expressed as a transitive substitution 
group is p+ 1. 

When p is 5, 7 or 11, however, H can be expressed as a 
transitive substitution group of p symbols’. 

For, when p=5, H contains a tetrahedral sub-group of 
order 12, forming one of 5 conjugate sub-groups; therefore H 
can be expressed as a transitive group of 5 symbols. It is to be 
noticed that in this case H is an icosahedral group. 

When p=7, H contains an octohedral sub-group of order 
24, which is one of 7 conjugate sub-groups; and H can there- 
fore be expressed as a transitive group of 7 symbols. Similarly, 
when p= 11, H contains an icosahedral sub-group of order 60, 
which is one of 11 conjugate sub-groups; and the group can be 
expressed transitively in 11 symbols. 


235. The simple groups, of the class we have been dis- 
cussing in the foregoing sections, are self-conjugate sub-groups 
of the triply transitive groups of degree p + 1, defined by 

_ a +B 

ae ye + 8?’ 

the existence of which was demonstrated in § 113. In fact, 

az+B kax+ kB 

since = re 5) and fae +hS 

formation, the determinant, ad — By, of any transformation may 

always be taken as either unity or a given non-residue ; and it 

follows at once that the transformations of determinant unity 

form a self-conjugate sub-group of the whole group of trans- 
formations. | 

If, as in § 113, a, B, y, 6, are powers of 2, where 7 is a primi- 
tive root of the congruence 

i"-1=1, (mod. p), 


(mod. p), 


) represent the same _ trans- 


1 This is another of the results stated in the letter of Galois referred to in 
the footnote on p. 192. 
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the triply transitive group G of degree p" + 1, which is defined 
by the transformations, has again, when p is an odd prime, a 
self-conjugate sub-group H of order $p"(p*—1), which is 
given by the transformations of determinant unity. It follows 
from Theorem IX, § 134, that G, being a triply transitive group 
of degree p”+1, must have, as a self-conjugate sub-group, a 
doubly transitive simple group; and it is easy to shew that H 
is this sub-group. 

In fact, if a simple group h is a self-conjugate sub-group of 
G@ it must be contained in H. Also, since h is a doubly 
transitive group of degree p" +1, it must contain every opera- 
tion of order p that occurs in G. Now we may shew that these 


operations generate H. Thus (=) and (24+ 2—1—77') are 


operations of order p belonging to G. Therefore (ert) 


belongs to h. But this operation is transformed into (=) by 


‘@+47 17 

(=a). Hence (=) belongs to h; and a sub-group of h 
which keeps one symbol unchanged is the group of order 
$p" (p"—1) generated by (2#+1) and (F)- The order of h 


therefore is not less than $p"(p"—1); in other words h is 
identical with H. 


When p= 2, every power of 7 is a quadratic residue, and the 
determinant of every transformation is unity. In this case it 
may be shewn, by an argument similar to the above, that the 
group G of order 2" (2 — 1) is itself a simple group. 


We are thus led to recognize the existence of a doubly- 
infinite series of simple groups of orders 2"(2**—1) and 
4p” (p™ — 1), which are closely analogous to the groups of order 
4p (p?—1) already discussed. For an independent proof of the 
existence of these simple groups and for an investigation of 
their properties, the reader is referred to the memoirs mentioned 
below’. 

1 Moore: “On a doubly-infinite series of simple groups,’’ Chicago Congress 


Mathematical Papers, (1893) ; Burnside: ‘‘On a class of groups defined by con- 
gruences,” Proc. L. M. S. Vol. xxv, (1894), pp. 113—139. 
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236. We will now return to the linear homogeneous group 
G of transformations of n symbols, taken to a prime modulus p; 
and consider it more directly as the group of isomorphisms of 
an Abelian group of order p” and type (1, 1, ...... to n units). 
As in § 156, it may be expressed in the form of a substitution 
group performed on the p”—1 symbols of the operations, other 
than identity, of the Abelian group. In this form it is clearly 
transitive, since there are isomorphisms changing any operation 
of the Abelian group into any other operation. If P is any 
operation of the Abelian group, an isomorphism which changes 
any one of the p — 1 operations 


into any other, will certainly interchange the set among them- 
selves. Hence, when expressed as a group of degree p”—1, G 
is imprimitive ; and the symbols forming an imprimitive system 
are those of the operations, other than identity, of any sub- 
group of order p of the Abelian group. If 


are a set of generating operations of the Abelian group, an 
isomorphism, which changes each of the sub-groups 


Fae ee a Brrr sat 
into itself, must be of the form 
& I ee Aw aoe ) 
oer fon eae FS es 


ag 
This isomorphism changes P,P, into (P,P.“)"; therefore it 
will only transform the sub-group {P,P,} into itself when 
a, =a,,(mod. p). If then the given isomorphism changes every 
sub-group of order p into itself, we must have / 


=, =......=24,, (mod. p). 


Hence the only operations of G, which interchange the 
symbols of each imprimitive system among themselves, are 
those given by the powers of 


where a is a primitive root of p. This operation is the same as 


236] IN TRANSITIVE FORM 337 


that denoted by A in § 217. It follows immediately that the 


factor-group = can be represented as a transitive group in 


(Aj 
: = symbols. In fact, the operations of {A} are the only 


nm 

operations of G which transform each of the - ce k 
of order p in itself; and these P —- sub-groups must be 
permuted among themselves by every operation of G The 
substitution group thus obtained is doubly transitive; for if P 
and P’ are any two operations of the Abelian group such that 
P’ is not a power of P, and if Q and Q’ are any other two 
operations of the Abelian group subject to the same condition, 
there certainly exists an isomorphism of the form 


sub-groups 


and this isomorphism changes the sub-groups {P} and {P’} into 
the sub-groups {Q} and {Q’}. 


These results will still hold if, instead of considering @ the 
total group of isomorphisms, we take [’ the group of iso- 
morphisms of determinant unity. Thus the determinant of 


dey caper e 
(ee 
is a times the determinant of 
Dele gare ene ) 
Cree 


It is therefore possible always to choose a so that the de- 
terminant of 


shall be unity; and this isomorphism still changes the sub- 
groups {P} and {P’} into {Q} and {Q’} respectively. 
p-l 


The lowest power of A contained in I is (§ 217) A@ . 
Hence the group ee can be represented as a doubly 
(4 
B. 22 
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transitive group of degree es = . This group is (§ 220) simply 
isomorphic with the simple group of order - ona which is 


defined by the composition-series of G. 


We may sum up these results as follows :— 


THEOREM. The homogeneous linear group of order 


N =(p"—1) (p"—p)...... (p” — p™”) 
when p” is neither 2? nor 3°, defines, by its composition-series, a 


Ga where d is the greatest common 
factor of p—landn. This simple group can be represented as 


a doubly transitive group of degree p” + p" + ...... +p+1. 


simple group of order 


937. The —+ 

p-l 
transitive simple groups, may be regarded as the sub-groups of 
order p of an Abelian group of order p” and type (1, 1,...... to 
n units). Now every pair of sub-groups of such an Abelian 
group enters in one, and only in one, sub-group of order p’; 
and every sub-group of order p? contains p+ 1 sub-groups of 


symbols, permuted by one of these doubly 


order p. Hence from the — symbols permuted by the 


doubly transitive group, P 75 : a : sets of p+1 symbols 
each may be formed, such that every pair of symbols occurs in 
one set and no pair in more than one set, while the sets are 
permuted transitively by the operations of the group. These 
groups therefore belong to the class of groups referred to in 
§ 148. The sub-group, that leaves two symbols unchanged, 
permutes the remaining symbols in two transitive systems of 
p — land p®!+p"?+...... + p?; and the sub-group, that leaves 
unchanged each of the symbols of one of the sets of p+1, is 
contained self-conjugately in a sub-group whose order is 
(p+1)p times that of a sub-group leaving two symbols un- 
changed. This latter sub-group permutes the symbols in two 
transitive systems of p+.1 and p™71 +4 p™*+4+......+p% It may 
be pointed out that, when n is 3, such a sub-group is simply 
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isomorphic with, but is not conjugate to, the sub-groups that 
leave one symbol unchanged: this may be seen at once by 
noticing that an Abelian group, of order p* and type (1, 1, 1), has 
the same number of sub-groups of orders p and p*. 


238. Some special cases may be noticed. First, when p=2, 
both p—1 and d are unity, and the homogeneous linear group is 
itself a simple group. 


If n = 3, then V = 168; so that the group of isomorphisms of a 
group of order 8, whose operations are all of order 2, is the simple 
group of order 168 (§ 146). 


If n=4, then NV =2°.3?.5.7. This is the order of the 
alternating group of 8 symbols; and it may be shewn that this 
group is simply isomorphic with the group of isomorphisms. 


The Abelian group of order 16 contains 35 sub-groups of order 
4; and it may be shewn that, from these 35 sub-groups, sets of 5 can 
be formed in 56 distinct ways, so that each set of 5 contains every 
operation of order 2 of the Abelian group once, and once only. If 


P,, Ps, Ps, Py 


are a set of generating operations of the Abelian group, such a set 
of 5 sub-groups of order 4 is given by 


Ba Pal Pa ie Ps PP Pa Pre ee eee 
Ps P;, Ps, P, ) 
Py, PoP3, Py, PoPs 


is an isomorphism of order 7 of the Abelian group, and P, is the 
only operation of the group, except identity, which is left unchanged 
by this isomorphism. It may be directly verified that the 7 sets of 
5 groups of order 4, into which the given set is transformed by the 
powers of this isomorphism, contain every sub-group of order 4 of 
the Abelian group. The 7 sets, being interchanged among them- 
selves by this isomorphism of order 7 which leaves only ?, unchanged, 
must be interchanged among themselves by isomorphisms of order 7 
which leave any other single operation of the Abelian group 
unchanged. There are therefore at least 15 isomorphisms of order 
7 which interchange the 7 sets among themselves. Now the 
isomorphisms, which interchange the 7 sets among themselves, form a 
sub-group of the group of isomorphisms, which is isomorphic with a 
group of degree 7 ; and the only groups of degree 7, which contain at 
least 15 operations of order 7, are the symmetric and the alternating 
groups. The group of isomorphisms must therefore contain a sub- 
group which is isomorphic with the symmetric or with the alternating 
group of degree 7. Hence at once, since the group of isomorphisms 
is simple, it must contain a sub-group which is simply isomorphic 
with the alternating group of degree 7. Since this must be one of 
22—2 


Now ( 
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8 conjugate sub-groups, the group of substitutions itself is simply 
isomorphic with the alternating group of degree 8. 


If p* = 3°, then p*-'+...... +p+l=13, d=1, and V=2‘. 3°. 13. 
There is therefore a doubly transitive simple group of degree 13 and 
order 2*. 3°. 13 (§§ 145, 149). 


239. ‘The homogeneous linear group may be generalized by 
taking for the coefficients powers of a primitive root of 


?"1=1, (mod. p), 
instead of powers of a primitive root of 
wo=1, (mod. p). 


When the coefficients are thus chosen, the order of the group 
Gy ,n,v, defined by all sets of transformations 


Hy) S Ag @y A Ayo a H+ wceeee + Ghatn, (mo d p) 
Wg eg i A Cg i a + AonLn, : 
Ly) = AnyX + Angle + ...... + Ann®n» 


whose determinant differs from zero, may be shewn, as in § 172, 
to be 


1a eh Lanterns 9 UG Dalires 8G dices 8) cc GS Pe 
and the order of the sub-group I, formed of those trans- 


The only 


formations whose determinant is unity, is a 
self-conjugate operations of I’ are the operations of the sub- 
group generated by (2a, tm, ...... , 12,), Which are contained in 
lr. If 5 is the greatest common factor of p”—1 and n, these 
self-conjugate operations of I’ form a cyclical sub-group y of 


order 6. Finally, the argument of § 219 may be repeated to 


shew that - is a simple group. 


The homogeneous linear group Gp,n,,, when values of v 
greater than unity are admitted, thus defines a triply infinite 
system of simple groups; it may be proved that these groups 
can, for all values of v, be expressed as doubly transitive groups 
bed mee 1 


of degree a3 
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240. We may shew, in conclusion, that the group G,,,., is 
simply isomorphic with a sub-group of G,,,»,,- For this purpose, 
we consider the group defined by 


C'=%,+91, vw Say+0", ...... » t= a,+0", 
5 Fig tw hee) Sa: » py - 1); 
the congruences being taken to modulus p. This is an Abelian group 
of order p"’ and type (1, 1, ...... to nv units). Moreover, the opera- 
tion 
©) S Gy %, + ...... + Ayn Xp; 
Wat S Wg By H cee - ee + Ong Les 
of G,,,,, transforms the given operation of the Abelian group into 
eS a+, ty = %+ 8%, ...... , t= a, +0; 
where 0: = yt") + Ayts + ...... + M,0', 
U8" = Ay VU" + Anat? + ....0- + Bn» 


Every operation of G,,,,,,, as defined in § 239, is therefore 
permutable with the Abelian group, and gives a distinct isomorphism 
of it ; or in other words, as stated above, (,,,,,, is simply isomorphic 
with a sub-group of @,,, »v,..- 


Further, the sub-group 
@,' = 0, +9, Be) = Xe; ...--. > Ly =X; 
(730, 4) 2; ose: » p’—1), 
is transformed by the given operation of G,,,,,, into the sub-group 


GC) SZ + Ont, Ce = + Gat, ...... , &) = 2,+4,,0; 
(20 te... » p¥—1) 
Tf Ag = Ag, = oeeeee oe Ohne ’ 


the two sub-groups are identical; but if these conditions are not 
satisfied, they have no operation in common except identity. 
Moreover, 


may each have any value from 0 to 7””~!, simultaneous zero values 
alone excluded. Hence the sub-group of order p” defined by 


1 =, +0", Dg! ES Way cisess » Mg = M,, 
(f= Ute. » p”—1), 


is one of te conjugate sub-groups in the group formed by com- 
bining the Abelian group with G, ,,,,; and no two of these conjugate 


sub-groups have a common operation except identity. 
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The p” —1 operations, other than identity, of an Abelian group 
of order p”” sy type G;: 8) ai to nv units), can therefore be 
divided into ” i sets of py—1 each, such that each set, with 


identity, ae a sub-group of order p”; and the group G, ,,,, is iso- 
morphic with a group of isomorphisms of the Abelian group ) which per- 


mutes among themselves such a set of a ‘ sub-groups of order p”. 
g pe group P 


—1l 


Ex. 1. Shew that the” an eT Jitter ere p’ —p 
= Ligases 


order p” of an Abelian group of order oe and type (1, 1, ...... to 
oes 


sub-groups of 


mv units) can be divided into sets of each, such that each set 


—1 

contains every operation of the group, other than identity, once and 
once only ; and discuss in how many distinct ways such a division 
may be carried out. 


Ex. 2. Shew that the simple group, defined by the group of 
isomorphisms of an Abelian group of order p” and type (1, 1, ..., 1), 
admits a class of contragredient isomorphisms, which change the 
operations of the simple group, that correspond to isomorphisms 
leaving a sub-group of order p of the Abelian group unaltered, into 
operations that correspond to isomorphisms leaving a sub-group of 
order p”~' of the Abelian group unaltered. 


CHAPTER XV. 
ON SOLUBLE AND COMPOSITE GROUPS. 


241. THE most general problem of pure group- theory, so 
far as it is concerned with groups of finite order, is the deter- 
mination and analysis of all distinct types of group whose order 
is a given integer. The solution of this problem clearly involves 
the previous determination of all types of simple groups whose 
orders are factors of the given integer. 


Now there is no known criterion by means of which we can 
say whether, corresponding to an arbitrarily given composite 
integer WV as order, there exists a simple group or not. For 
certain particular forms of N, this question can be answered in 
the affirmative. For instance, when N =4n!, previous in- 
vestigation enables us to state that there is a simple group of 
order V; but even in these cases we cannot, in general, say 
how many distinct types of simple group of order N there are. 


On the other hand, we have seen that, for certain forms of NV, 
it is possible to state that there is no simple group of order N. 
Thus, when J is the power of a prime, or is the product of two 
distinct primes, there is no simple group whose order is V; and 
further, every group of order N is soluble. Again, if NV is 
divisible by a prime p, and contains no factor of the form 
1+kp, a group of order NV cannot be simple; for, by Sylow’s 
theorem, it must contain a self-conjugate sub-group having a 
power of p for its order. 


We propose, in the present Chapter, to prove a series of 
theorems which enable us to state, in a considerable variety of 
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cases, that a group, which has a number of given form for its 
order, is either soluble or composite. If the results appear 
fragmentary, it must be remembered that this branch of the 
subject has only recently received attention: it should be 
regarded rather as a promising field of investigation than as 
one which is thoroughly explored. 


The symbols p,, 9, Ms, --+++ will be used throughout the 
Chapter to denote distinct primes in ascending order of magni- 
tude; while distinct primes, without regard to their magnitude, 
will be denoted by p, g, 7, ...... . 


242. THEOREM I. If H 1s one of n conjugate sub-groups 
of a group G of order N, and if N is not a factor of n!, G 
cannot be simple. | 

The group G is isomorphic with the group of substitutions 
given on transforming the set of n conjugate sub-groups by 
each of the operations of G. This is a transitive group of 
degree n, and its order therefore is equal to or is a factor of n!. 
Hence, if NV is not a factor of !, the isomorphism cannot be 
simple; G is therefore not simple. 


Corollary*. If a prime p divides N, and if m is the 
greatest factor of NV which is congruent to unity (mod. p), G 
will be composite unless NV is a factor of m!. 


There cannot, in fact, be more than m conjugate sub-groups 
whose order is the highest power of p that divides V; so that 
this result follows from the theorem. 


In dealing with a given integer as order, it may happen that, 
though no single application of this theorem will prove the corre- 
sponding group to be composite, a repeated application of Sylow’s 
theorem, on which the theorem depends, will lead to that result. 
As an example, let us consider groups whose order is 3?.5.11. Any 
such group must contain either | or 45 sub-groups of order 11, and 
either 1 or 11 sub-groups of order 5. Hence, if the group is simple, 
it must contain 45 sub-groups of order 11, and 11 sub-groups of 
order 5; and each one of the latter must be contained self-conju- 
gately in a sub-group of order 45. Now the 45 sub-groups of order 
11 would contain 450 distinct operations of order 11, leaving only 
45 others; and therefore a sub-group of order 45, if the group contain 
such a sub-group, must in this case be self-conjugate. This is, 


* Holder, Muth. Ann. Vol. xu, (1892), p. 57. 
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however, in direct contradiction to the assumption that the group 
contains 11 sub-groups of order 5; therefore the group cannot be 
simple, 


243. THroreM II. Every group whose order is the power 
of a prime is soluble. 
This has already been proved in § 54. 


THEOREM III*. A group G whose order is pg’, where a is 
less than 2m, m being the index to which p belongs (mod. q), ws 
soluble. 


If a<m, G contains a self-conjugate sub-group H of order 
g’. 

If «=m, G contains either 1 or p™ sub-groups of order @. 
In the latter case, if g” is the order of the greatest sub-group 
common to two groups of order g®, and if h is such a sub- 
group, h must (§ 80) be contained self-conjugately in a 
sub-group & of order p*g’**, «>0, s>0; and this sub-group 
must contain more than one sub-group of order q’**. Hence # 
must be m; and therefore h must be common to all the p” 
sub-groups of order g®, so that / is self-conjugate, and s is 
8-—r. If r is zero, no two sub-groups of order g® have a 
common operation except identity, and the p™” sub-groups 
contain p’”(q®—1) distinct operations, so that a sub-group 
of order p™ is self-conjugate. Hence when a is equal to m, G 
contains either a self-conjugate sub-group of order gq’ (7 >0) or 
else one of order p™. 


If m<a< 2m, @ contains 1 or p” sub-groups of order ¢°. 
If there is only one, it is self-conjugate. 


If there are p” sub-groups of order q®, and if g”(r> 0) is 
the order of the greatest group common to any two of them, 
it may be shewn, exactly as in the preceding case, that G 
contains a self-conjugate sub-group of order q’. 


If r=0, the g®—1 operations, other than identity, of each 
of the p™ sub-groups of order ¢ are all distinct. Now @ is 
isomorphic with a group of degree p”. If the isomorphism 
is multiple, G must have a self-conjugate sub-group whose order 
is a power of p. If the isomorphism is simple, we may regard 


* Frobenius, Berliner Sitzungsberichte 1895, p. 190, and Burnside, ,Proc. 
L. M.S. Vol. xxv1, (1895), p. 209; for the case where a} m. 
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G as a transitive group of degree p™; and every operation, 
except identity, of a sub-group of order q® will leave one symbol 
only unchanged. Hence g® is equal to or is a factor of p™ —1. 
Moreover, when G is thus regarded, the sub-groups of order p* 
must be transitive; for all the sub-groups of order g® will be 
given on transforming any one of them by the operations of a 
sub-group of order p*. 

Consider now a sub-group of order p*~"g®, which keeps one 
symbol fixed and contains a sub-group of order g® self-conju- 
gately. It will contain g’(y<8) sub-groups of order p*-”. 
Any one of these must keep p* symbols fixed; for it is the 
sub-group of a transitive group of order p* and degree p™, which 
keeps one symbol fixed. If y<, there are operations of order 
q which transform one of these sub-groups into itself, and 
therefore interchange among themselves the p* symbols un- 
changed by the sub-group. Hence p*—1 must be divisible 
by g. This requires that «=m, which is impossible. Hence 
y= B, and the sub-group of order p*—¢8 contains q® sub-groups 
of order ps”. It is obvious that no two of these can enter in 
the same sub-group of order p*; for.if they did, they would 
generate a group of order p*-"** (a@>0), and a sub-group 
of this order cannot enter in a group of order p*-"q®. Therefore 
G contains g® sub-groups of order p*. 


Since the sub-groups of G, of order p*, are transitive, their 
self-conjugate operations must (§ 106) displace all the symbols, 
and they cannot therefore be permutable with any operation 
whose order is a power of qg. Suppose now that every 
operation of a sub-group Q, of order g*, is permutable with 
an operation P of order p’, and that there is no sub-group 
of order g**! of which this is true. If S is a self-conjugate 
operation of a sub-group of order p* to which P belongs, 
P is transformed into itself and Q@ into a new sub-group 
Q’ by S. Hence the sub-group which contains P self-con- 
jugately has two, and therefore p”, sub-groups of order q”. 
No two of these can belong to the same sub-group of order 
g®, for if they did they would generate a group of order 
g’*” (a >0). Now since P is permutable with Q, it must 
pale unchanged the symbol which Q leaves unchanged. 
Hence P must leave every symbol unchanged; ie. it must 
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be the identical operation. The order of every operation of G 
is therefore either a power of p or a power of q. 


Suppose now that p” is the order of the greatest sub-group 
that is common to any two sub-groups of order p*, and that h 
is such a sub-group. Then (§ 80) 4 must be permutable with 
an operation of order g. Since no operation of / is permutable 
with any operation of order q, it follows that p” —1 is divisible 
by q, and therefore that 7 =m. 


Let k, of order p”*g’, be the greatest sub-group that 
contains hf self-conjugately. If y=£8, h is common to each 
of the ¢® sub-groups of order p*, and it is therefore a self- 
conjugate sub-group of G. 


If y<, let Q be a sub-group, of order q’, of k. In G 
there must be a group, whose order is divisible by g7*', 
containing Q self-conjugately. Hence there must be operations 
in G, which transform Q into itself and h into a conjugate 
sub-group h’.. If h and h’ have a common sub-group, it must 
be transformed into itself by every operation of Q. This is 
- impossible, since p*— 1 is not divisible by g when s < m. 


In the group {h’, Q}, Q is one of p” conjugate sub-groups, 
and therefore no operation of h’ can transform Q into itself. 
Hence if an operation P’ of h’ transforms / into itself, it must 
transform Q into a group Q’, which is conjugate to Q in fk. 
Hence, k’ being the greatest sub-group that contains h’ 
self-conjugately, {Q, Q’} must be common to & and k. But 
‘Q, Q’}, containing two sub-groups of order g’, must contain p™ 
such sub-groups; and therefore the p™ sub-groups of order q¥ 
that enter in k are identical with those that enter in &’. 
This is impossible if H and H’ are distinct; for the p” sub- 
groups of k, of order g’, generate {h, Q}. Hence no operation 
of h’, except identity, transforms fA into itself, and the 
number of sub-groups in the conjugate set to which h belongs 
must not be less than p™; so that 


o* > | altel * sa 
Now we have seen that 


p” = 1 (mod. ¢), 
and q® = 1 (mod. p*-”) ; 
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from these congruences, and the inequality a—m < m, it follows 
that 
Pet Pre -e +4. 
This inequality is inconsistent with the previous one, which 
follows directly from the supposition that y is less than ~. 
Hence y= 8, and h is a self-conjugate sub-group of G. 


It follows therefore that, on every possible supposition, G 
must have a self-conjugate sub-group. If this sub-group be 
represented by G,, the same reasoning may be repeated with 
respect to the groups a and Gs Hence G is soluble. 

1 

Corollary. All groups whose orders are p,p.*, p°p2*, Pip»; 
pip, pps", Pi*p, are soluble. 

Since the congruence 


pi = 1 (mod. p,) | 

is satisfied only by p,=2, p,=3, the results stated follow 
immediately from the theorem, except for the cases 243% and 
2°3*. 7 

If in these cases there are 16 sub-groups of order 3*(a > 1), 
there must (§ 78) be sub-groups of order 3*~1 common to two 
sub-groups of order 3%; and, in the groups of order 2*3* or 
2°3*, such a sub-group, if not self-conjugate, must be one of 
either 4 or 8 conjugate sub-groups. The groups must therefore 
be isomorphic with groups of degree 4 or 8; from this it follows 
immediately that they must be soluble (§ 146). 


244. THEOREMIV. Groups of order p,*p,’ are soluble. 


If a group G, of order p,*p., contains only p, sub-groups of 
order p,*, it cannot be simple, for a group of order p,? cannot be — 
expressed as a substitution-group of p, symbols. Similarly, if G 
contains a single group of order p,*, it 1s not simple. 


If G contains p,? sub-groups of order p,*, and if these sub- 
groups have no common operations, except identity, there are 
p2(p,* — 1) operations in G whose orders are powers of p,; and 
therefore a group of order p.? is self-conjugate. If the operations 
of the p,? sub-groups of order p,* are not all distinct, let p,” be 
the order of the greatest sub-group common to any two of them ; 
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and let h be such a sub-group. Then (§ 80) h must be self- 
conjugate in a group k of order p,"**pf(s>0,8=1 or 2). If 
8 =2, h is self-conjugate in G; and if 8 =1, k must contain p, 
sub-groups of order p,’**, and therefore 


P2= 1 (mod. p,). 

Now (§ 78) p.? = 1 (mod. p,*~”), 
and therefore P2= 1 (mod. p,*~’), 
unless p,=2; but, if p, = 2, then 

p2= +1 (mod. p,*~~"). 


Again, if s=a—r,h is one of p, conjugate sub-groups; as 
before, @ cannot then be simple. 


Suppose now that H is a sub-group of order p,*, and that 
the self-conjugate operations of H form a sub-group h. This 
must be one of 1, p, or p,? conjugate sub-groups; in the first 
two cases, G cannot be simple. Moreover, if any two sub-groups 
of the conjugate set to which h belongs have a common 
sub-group, it must be self-conjugate in a group containing 
more than one sub-group of order p,*; again, @ cannot be 
simple. 


Let HoH 


be the p, sub-groups (§ 80) of order p,* that contain h; and 
suppose that h is not contained inh. Every operation of each 
of the p, sub-groups 


is permutable with every operation of h. But these sub-groups, 
since they occur in & and not in h, generate a sub-group of &, 
whose order is divisible by p,. Hence there must be an operation 
Q, of order p,, which is permutable with every operation of h. 
This operation would be permutable with every operation of a 
group of order p,"p,? at least, and it would therefore be one of 
pit’ conjugate operations at most. Now, if p,>2, p,°"<p.; and 
as a group of order p,* cannot be represented in terms of less 
than p, symbols, G would in this case have a self-conjugate 
sub-group. If p,=2, then either p,*~"<2p,, or p,*~” = 2(p.+1). 
A group of order p,? cannot be expressed in less than 2p, 
symbols; a cyclical group of order p,* cannot be expressed in 
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2(p.+1) symbols; and a group of degree 2(p,+1), which 
contains a non-cyclical sub-group of order p,*, must (§ 141) 
contain the alternating group. Hence again, in this case, @ 
must have a self-conjugate sub-group. 


Finally, suppose that h contains the p, sub-groups 
a ce, Ae Fee 
If h contains further sub-groups of the conjugate set to 
which h belongs, they must be permuted among themselves in 


sets of p, when h is transformed by an operation Q, of order p,, 
belonging to k. Hence we may assume that 


h, eae a ES 
tis hy per eeeeeeeres > Ney —1 > 
h (%—1) Po? h (W—1) Potl> eeeeee 5) Rope ) 


is the complete set of sub-groups of the conjugate set to which 
h belongs, contained in A; and that, when transformed by Q, 
those in each line are permuted among themselves. If {Q, Q’} 
is a sub-group* of order p,’, the p,? sub-groups 

DS peice. A ee sey 


are permuted transitively among themselves, when transformed 
by the operations of {Q, Q’}. Hence if Q’ change h into h,,,, it 
must change the set 

fe Se ak. prs 
into the set 

Dypys Dyppiy sere » bysp,—5 
and therefore 

HT. YP? at YPotls seeere ’ H (Y+1) po—1 > 
is a set of p, sub-groups of order p,*, which have the common 
sub-group QQ’. 

Now, since by supposition / is not a self-conjugate sub- 
group of H, there must (§ 55) be in H a sub-group h' conjugate 
to and permutable with h. Let this be the sub-group of order 
pi’, common to 


No one of the sets 
F<: Bean Fh yy ti eeeeee ) Be githicnis (y = Q, l, re a YS a) Hi we 1), 
* If this sub-group is cyclical, then Q=Q”. 
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can have more than one group in common with this set, as 
otherwise p,” would not be the order of the greatest group 
common to two groups of order p,*. Hence, of the set of groups 


at least p,—« are distinct from the groups, conjugate to h, 
which enter inh. Every group of order p,’** occurring in k will 
have a similar set of p,—« sub-groups of the set h, which do 
not occur in h. Hence, since the operations of h are the only 
operations common to two sub-groups of order p,’** in k, there 
must be in & not less than p, (p,—«)+ p, Le. p,*, sub-groups 
of the set to which h belongs. 


In other words, k must contain a self-conjugate sub-group 


of G. 


On every supposition that can be made, we have shewn that 
G must have a self-conjugate sub-group. If this sub-group is 


G,, and if the order of either G, or contains p.*, we may 


G 
G, 
repeat the same reasoning; while if the orders of 2 and G;, are 


1 
both divisible by p,, we have already seen that they must be 
soluble. Finally, then, @& itself must be soluble. 


245. THEOREM V. A group of order p,*p.®, in which the 
sub-groups of orders p,* and p.? are Abelian, is soluble. 


Suppose, first, that there are p.”(y< 8) sub-groups of order 
p,*. The group is then isomorphic with a substitution group 
of degree p.¥. Now the operations of a sub-group of order p,? 
transform the p.Y sub-groups of order p,* transitively among 
themselves; and therefore, in the isomorphism between the 
given group and the substitution group of degree p,’, there 
corresponds to an Abelian sub-group of order p,° a transitive 
substitution group of degree p,Y. But (§ 124) an Abelian group 
can only be represented as a transitive substitution group of a 
number of symbols equal to its order. Hence the isomorphism 
between the given group and the substitution group is multiple ; 
and the given group is not simple. 


Suppose, next, that there are p,? sub-groups of order p,*, and 
therefore (§ 81) p,*—1 distinct sets of conjugate operations 


352 GROUPS WHOSE SUB-GROUPS OF ORDER p* [245 


whose orders are powers of p,. Let P be an operation whose 
order is a power of p,; and let H, of order p,*p.®, be the greatest 
group which contains P self-conjugately. Then H contains at 
least p,° operations whose orders are powers of p,, and therefore 
at least p,* distinct operations of the form PQ, where P and Q 
are permutable and 
Qv* = 1. 

Now P is one of pf conjugate operations; corresponding 
to each of these, there is a similar set of p,* operations of the 
form PQ; while no two such operations can be identical. The 
group therefore contains p,’ operations of the form PQ; and 
similarly, it contains an equal number for each set of conjugate 
operations whose order is a power of p,. Hence, finally, the 
group contains p.f (p,*— 1) operations whose orders are divisible 
by p,. There is therefore in this case a self-conjugate sub-group 
of order py. 

The group therefore always contains a self-conjugate sub- 
group. A repetition of the same reasoning shews that it is 
soluble. 


246. THEOREM VI. A group of order p,“p.™ ...... Pro®, mM 
which the sub-groups of order py™, Po, «+++ Pp, are cyclical, is 
soluble *. 

If the number of operations of the group, whose orders divide 
Mee, ate pn, is exactly equal to this number, it follows 
from Theorem VII, Cor. I, § 87, that the same is true for the 
number of operations of the group whose orders divide 

cs pn. Now, when r= 1, this relation obviously holds ; 
and therefore it is true for all values of r. The group therefore 
contains just p,%" operations whose orders divide p,*; hence 
a sub-group of order p,% is self-conjugate. Any sub-group of 
order p*"-' must transform this self-conjugate sub-group of 
order p,*" into itself, so that the group must contain a sub- 
group of order p*"} pn. If there were more than one sub- 
group of this order, the group would contain more than 


p-"-\ pxt* operations whose orders divide this number. Hence 


* Proc. L. M. S. Vol. xxv1, (1895), p. 199, 
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an— 


the group contains a single sub-group of order p*"} pn‘, and 
this sub-group must be self-conjugate. By continuing this 
reasoning it may be shewn that, for each value of 7, the group 
contains a single sub-group of order p,* p* ...... Pn, such a 
sub-group being necessarily self-conjugate. The group is there- 
fore soluble; for we have already seen that a group whose 
order is the power of a prime is always soluble. 


The self-conjugate sub-group of order p,%...... Pn must 
contain the complete set of sub-groups of order p,*. If 
then there are m of these sub-groups, m must be a factor of 


peepee Pn™; and a sub-group of order p,** must be contained 
self-conjugately in a sub-group of order 


a Pooty costes Pn 

agent ESE Sl 
m 

Hence if 7 and 7 are any two indices between 1 and n, the group 
contains sub-groups of order p;* p;”. Now the above sub-group, 
which contains a sub-group of order p,* self-conjugately, is of 
the same nature as the original group. Hence, 7 and 7 being 
any two indices less than 7, it contains a sub-group of order 
pi* pj’ p-*. This process may be continued to shew that, if u 
is any factor of p,.%...... pr which is relatively prime to 


EA Ee” then the group contains sub-groups of order yu. 


Ex. Shew that, when the groups of order p,% are also cyclical, 
there are sub-groups whose orders are any factors whatever of the 


order of the group. 


247. A special case of the class of groups under consideration 
is that in which the order contains no repeated prime factor. These 
groups have formed the subject of a memoir by Herr O. Holder’. 
He shews that they are capable of a specially simple form of repre- 
sentation, which we shall now consider. 


Let I Diy cos ca Pn 
be the order of a group G. It has been seen above that a sub-group 
of order p,, is self-conjugate. Suppose then that p,, Pm, ....-- » Pn are 


_ 1Die Gruppen mit quadratfreier Ordnungszahl,” Géttingen Nachrichten, 
1895: pp. 211—229. Compare also Frobenius, Berliner Sitzungsberichte, 1895, 
pp. 10438, 1044. 
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the orders of those cyclical sub-groups of prime order which are 
contained self-conjugately in G. They generate a self-conjugate 
sub-group H of order pp, .....- Pn» say p. Each of the cyclical 
sub-groups {P;}, {Pim}, ...... ,{P,,} of H, generated by an operation of 
prime order, is permutable with all the rest; and therefore (§ 34) 
the operations P;, Py, ...... P,, are all permutable. Hence, since 
their orders are distinct primes, the sub-group H is cyclical. Let 
now K be a sub-group of G of order v, where V=ypyv. No self- 
conjugate sub-group of G can be contained in X. For if it contained 
such a sub-group of order pape ...... Py fo, Bm css <y), this sub- 
group would contain a single cyclical sub-group of order p,; and @ 
would contain a self-conjugate sub-group of order p,, contrary to 
supposition. Since then X contains no self-conjugate sub-group of 
G, it follows (§ 123) that G can be expressed transitively in p 
symbols ; when it is so expressed, an operation M/ of order p, that 
generates H, will be a circular substitution of » symbols. The 
only substitutions performed on the mw symbols, which are _ per- 
mutable with /, are its own powers; and therefore no operation of 
G is permutable with 7 except its own powers. Every operation 
of A must therefore give a distinct isomorphism of {J/'. Now 
(§ 169) the group of isomorphisms of a cyclical group is Abelian. 
Hence X must be Abelian ; and since its order contains no repeated 
prime factor, it must be cyclical. The group & is therefore com- 
pletely defined by the relations 


Mite Nea tay MN ee, 
where a belongs to index v, mod. p. 


248. The theorem of § 246 is a particular case of the 
following more general one, due to Herr Frobenius’, from which 
a number of interesting and important results may be deduced. 


THEOREM VII. Jf Gs a group, of order N = mn, where m 
and n are relatively prime, and where 


m=p gf ...... ry; 
and wf sub-groups P, Q, ...... , Hh, Of Orders P,P Aa. , TY, are 
Abelian, while @(P) and = A(Q) and ——a, wu. , O(R) and 


a are relatively prime ; then G contains (1) exactly n operations 


whose orders divide n, and (11) a sub-group of order m which 
has a selj-conjugate sub-group of order 17. 


The theorem will be proved inductively, by shewing that, if 


1 « Uber auflésbare Gruppen, II”; Berliner Sitzungsberichte, 1895, p. 1035. 
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it is true for any similar group of order m’n’, where m’ is a 
factor of m, it is also true for G. 

~ Suppose that the greatest group, which contains R self- 
conjugately, is a group H’ of order p*’¢’ ...... ryn’, where n’ is a 
factor of n. Let N’ be any operation of this sub-group, whose 
order v’ is a factor of n’. Then (§ 177) since 6(R) and v’ are 
relatively prime, NV’ is permutable with every operation of R. 
Hence every operation of H’, whose order divides n’, is per- 
mutable with every operation of R. 


Let now S be any operation of R; and suppose that the 
order of K, the greatest sub-group which contains S_ self- 


conjugately, is p*q?...... rm,. If the order of S is 7%, the 
ae ; 
order of iS) iS PGP. AA c ry—6n,, say mn. We have seen in 
j 


§ 176 that, if P, is a sub-group of P, then @(P,) is equal to or 
is a factor of 6(P). Hence if P, is a sub-group of order p™ of 
K 


cs] 6(P,) and x are relatively prime; therefore, a fortiori, 


6(P,) and oar are relatively prime. Similarly @(Q,) and 
aap) are relatively prime, and so on. Moreover m, is a factor 


of m. We may therefore assume that the theorem holds for 
K 
(Sh Hence this group contains exactly m, operations whose 
orders divide n,, and it also contains a sub-group of order 
m, in which a sub-group of order r¥~ is self-conjugate. There- 
fore K contains a sub-group of order p™g*...... rY in which a 
sub-group of order r7 is self-conjugate, and exactly n, operations 
of the form SN, where S and WN are permutable and the order 
of NV divides n. 


Now S is one of p*-*9?. ...... ~ conjugate operations in 
1 


G@; corresponding to each of these, there is such a set of n, 
operations of the form SN, while (§ 16) no two of these 
operations can be identical. Hence @ contains p*™q**: ...... n 
operations of the form SN, arising from the conjugate set to 
which S belongs. If then we sum for the distinct conjugate | 
sets of operations of G whose orders are powers of r, the 


23—2 
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number of operations of G, whose orders divide rY¥n and do not 
divide n, is n>p*-*qF*: ,...... 


Now since H’ is the greatest group that contains RF self- 
conjugately, the greatest common sub-group of K and H’ is 
the greatest sub-group of AK that contains R self-conjugately. 
The order of this group certainly contains pg? ...... ry as 
a factor; and if the order is p™q* ...... r’y, then S is one of 


«oie ida aera 2 conjugate operations in H’, Every operation 


of H’ however, whose order divides n’, is permutable with every 
operation of R; and therefore »v=n’. Hence the number of 
operations of H’, excluding identity, whose orders are powers of r, 
LE UDEE cela meee eo , where the summation is extended to all the 
distinct conjugate sets of operations of H' whose orders are 
powers of rv. It has been shewn (Theorem IV, Corollary, § 81) 
that the number of distinct conjugate sets of operations in G, 
whose orders are powers of 7, is the same as the number in H’. 
Hence the symbols and = represent summations of the same 
number of terms. 


Finally, in accordance with the induction we are using, we 
may assume that the number of operations of G whose orders 
divide rYn is exactly equal to rym. For the order of G may be 
separated into the factors 


and n=r’n, 


where m’ is a factor of m, while the conditions of the theorem 
hold for this separation. 


Hence the number of operations of G whose orders divide n, 
is equal to 
nm (r¥ — Spragh-Fr ..,... ), 


while at the same time 


Uniess a <a, 8 =8, .::... , the former of these numbers is 
negative, which is impossible; these conditions must there- 
fore be satisfied. The number of operations, whose orders 
divide n, is therefore exactly equal to n; and the order of 
the greatest group H’ that contains F self-conjugately is 
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PO ciess ryn’. The factor-group e has for its order p*g® ...... n’, 


and it satisfies the same conditions as G. Hence it contains a 
sub-group of order p%g® ...... ; and H’ therefore contains a sub- 
group of order p*g® ...... ry, 


The free use of the inductive process that has been made in the 
preceding proof may possibly lead the reader to doubt its validity. 
He will find it instructive to verify the truth of the theorem 
directly in the simpler cases. In fact, the direct verification for 
the case in which m is a power of a prime is essential to the formal 
proof; it has been omitted for the sake of brevity. 


Corollary I. Ifm=m,m,, where m, and m, are relatively 
prime, G has a single conjugate set of sub-groups of order m,. 


That G contains groups of order m, may be shewn in- 
ductively at once. For since it is clearly true when m contains 
only one, or two, distinct prime factors, we may assume it true 
when m, does not contain r? as a factor. Now @ has a sub- 
group g of order p%q® ...... rY, which contains a sub-group & of 


order 1” self-conjugately. The factor-group g contains then a 
sub-group of order m,’, where m,’ is any factor of “ which is 


relatively prime to St and therefore g contains a sub-group 


of order m,'r’. 


If now J and J’ are two sub-groups of @ of order m,’r7, 
they may be assumed to contain the same sub-group R of 
order r’¥. For the sub-groups of @ of order rv form a single 
conjugate set; and therefore, if /’ contained a sub-group R’ of 
this set, S-J’S would contain S~4R’S, which may be taken 
to be R. Now R is a self-conjugate sub-group of both 


I and J’, and therefore the factor-groups - and of order m,’ 


are sub-groups of the factor-group = . Hence if the result is 


true when m, does not contain the factor r%, it is also true 
when m, does contain 7%. But when m, is equal to p*, the 
result is obviously true; and therefore it is true generally. 
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Corollary II. If the sub-groups P, Q,...... TR of & 
contain characteristic sub-groups P,, Qo, ....-. , R, of orders 
PAS PS cece: ,7%; then G contains a sub-group of order 
My = p™q*o ...... r%, which has a self-conjugate sub-group oi 
order 7%, 

Assuming the truth of this statement when m, does not 


/ 


contain the factor 7, the factor-group RE must contain a sub- 


group of order ’ . and therefore @ contains a sub-group J of 
ro 

order p%q* ...... rY, which has £# for a self-conjugate sub-group. 

Hence, since &, is a characteristic sub-group of R, J contains a 

sub-group of order pq? ...... and a self-conjugate sub-group 

of order r% It therefore contains a sub-group of order 

y Nat ere ae r¥, which has a self-conjugate sub-group of order 7, 


249. The reader will have no difficulty in seeing, as has 
already been stated, that Theorem VI is a direct result of the 
theorem proved in the last paragraph. We shall proceed at 
once to further applications of it. 


THEOREM VIII. A group G of order 


bs 8 eas epee Dn™, 
an which the sub-groups of every order p,* (r = 1, 2, ...... »n—1) 
are Abelian, with either one or two generating operations, is 
generally soluble ; the special case p, = 2, or = 3, may constitute 
an exception’. 


If an Abelian sub-group P, of order p,* is generated by a 
single operation, it is cyclical and 6 (P,) is (§ 176) equal to p,—1. 
If P, is generated by two independent and permutable opera- 
tions, 0(P,,) is equal to (p,—1)(p,—1). Now no prime greater 
than p, can divide (p,—1)(p,?7—1) unless p,+1 be a prime; 
and this is only possible when p, is equal to 2. Hence unless 


p, = 2, p, = 3, O(P,) and , are relatively prime for 
DO. Cs. Dr 

all values of r from 1 to n—1. Omitting for the present this 

exceptional case, the conditions of Theorem VII are satisfied 


by G; it therefore contains exactly p,* operations whose 


1 Frobenius, loc. cit., p. 1041. 
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orders are divisible by pp. Therefore G has a self-conjugate 


sub-group P, of order p,", and hence also one or more sub- 


groups of order p*tp,%. There are however only po") pn™ 


operations in G whose orders are divisible by no prime smaller 
than p,_,, and therefore the sub-group of order p*™") p,™ must 


be self-conjugate. This process clearly may be continued to 
shew that G@ has a self-conjugate sub-group of every order 


DeD egy coeees .% (r = 2, 3, ...... , n); from which it follows im- 
mediately that G is soluble. 


Returning now to the exceptional case, suppose that a group 
of order 2“ is contained self-conjugately in a maximum group 
of order 2%3®m. If every operation of the group of order 2% is 
self-conjugate within this sub-group, @ contains 2" — 1 distinct 
conjugate sets of operations whose orders are powers of 2; 
hence it follows that there are just = operations in G whose 
orders are not divisible by 2. In this case, the conditions of 
Theorem VII are satisfied by G; and it is still soluble. 


If, lastly, the operations of the sub-groups of order 23m, 
whose orders are powers of 2, are not all self-conjugate, there 
must be an operation B, whose order is a power of 3, in this 
sub-group which is not permutable with every operation of 
the sub-group of order 2". Let now 

Ay Aly inca iis, Awa c 


be a characteristic series of the group A of order 2"; and 
suppose that A,,, is the greatest of these groups with every 
one of whose operations B is permutable. ‘Then (§ 175) B is 


¥ 


A 
.-,. Hens = 
Ay41 Aris 


is a quadratic group; and its three operations of order 2 must 
be permuted cyclically when transformed by B. It follows 
that {A,, B} is multiply isomorphic with a tetrahedral group. 
Hence finally, under the conditions of the theorem, @ is 
certainly soluble unless it contains a sub-group which is 
isomorphic with a tetrahedral group. 


not permutable with every operation of 


Corollary. A group of order p,*p,* ...p,*", in which no 
one of the indices @, a, ..., @,-; is greater than 2, is soluble 
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unless it has a sub-group which is isomorphic with a tetrahedral 
group. For a group of order p,? is necessarily an Abelian group 
which is generated by either one or two independent operations. 


250. We shall next consider certain groups of even order 
in which the operations of odd order form a self-conjugate sub- 
group. If G is a group of order V, where 

N =2¢n, (n odd), 
we shall suppose, in this and the following paragraphs, that a 
sub-group 2 of order 2* is Abelian, and that 6(2) and n are 
relatively prime. Let us take first the case in which 2 is 
cyclical, so that 0(2) is unity and the latter condition is satisfied 
for all values of n. If such a group is represented in regular 
form as a substitution group of 2%n letters, the substitution 
corresponding to an operation of order 2* will consist of n cycles 
of 2* symbols each. This is an odd substitution ; and therefore 
G has a self-conjugate sub-group of order 2*n. In this sub- 
group there are cyclical operations of order 2*". Hence the 
same reasoning will apply to it, and it contains a self-conjugate 
sub-group of order 2*-°n. Now (Theorem VII, Cor. 1. § 87) G 
contains exactly 2*-?n operations whose orders are not divisible 
by 27. Hence the sub-group of order 2*-’n must be self- 
conjugate in G. Proceeding thus, it may be shewn that G 
contains self-conjugate (and characteristic) sub-groups of every — 
iC occas 3 Cpe Sy ea 9 ae 


251. Suppose, secondly, that, under the same conditions, G 
contains a self-conjugate sub-group 2 of order 2% Since @(2) 
and n are relatively prime, every operation of 2 is permutable 
with every operation of G (§ 177). If 2’ is a sub-group of 2 
of order 2*-', 2’ must therefore be self-conjugate in G. Now 


Y 


the order of the factor group Z is 2n; hence, by the preceding 


result, it has a self-conjugate sub-group of order n. It follows 
that G has a self-conjugate sub-group of order 2%n. This 
group, again, has a self-conjugate sub-group of order 2*~n, 
and so on. Hence G has a sub-group of order n. Now by 
Theorem VII (§ 248), G has just m operations whose orders 


* Frobenius, “Uber auflésbare Griippen, II” Berliner Sitzungsberichte, 
1895, p. 1039. 
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divide n. Hence the sub-group H, of order n, must be self- 
conjugate; and @ is the direct product of the two groups 2 
and H. 


252. Suppose next that 2 is not self-conjugate in G; and 
let J, of order 2%n’, be the greatest group that contains 2 self- 
conjugately. Every operation of J is permutable with every 
operation of 2; and therefore (§ 81) G contains 2*~ distinct 
sets of conjugate operations whose orders are powers of 2. 
The case, in which 2 is cyclical, has been already dealt with 
and will now be excluded ; we may thus assume that 2 contains 
2° — 1 (8 ¢ 2) operations of order 2, and that G contains an equal 
number of sets of conjugate operations of order 2. 


If possible, let no two sub-groups of order 2* have a common 
operation except identity. Then if two operations S and 7’, 
of order 2, are chosen, belonging to distinct conjugate sets and 
to different sub-groups of order 2%, they cannot be permutable 
with each other. They will therefore generate a dihedral sub- 
group of order 2m. If m were odd, S and 7’ would be conjugate 
operations. Hence m must be even; and the dihedral sub-group 
must contain a self-conjugate operation U of order 2. Since 
U is permutable with both S and 7’, it must occur in at least 
two different sub-groups of order 2*; and therefore the sup- 
position, that no two sub-groups of order 2* have a common 
operation except identity, is impossible. 


Let now 2’ of order 2* be a sub-group common to ? and 2,, 
two sub-groups of order 2*; and suppose that no two sub-groups 
of order 2* have a common sub-group which contains 2 and is 
of greater order. Since every operation of 2 is self-conjugate 
in J, 2’ must be self-conjugate in J. If then J, of order 2¢n’r, 
is the greatest sub-group of G that contains 2 self-conjugately, 
J contains r sub-groups of order 2%. Hence the factor-group 


contains r sub-groups of order 2*~*, and no two of these 


o 
have a common sub-group; for if they had, some two sub-groups 
of order 2* contained in J would have a common sub-group 
greater than and containing 2’, contrary to supposition. The 


r sub-groups of order 2*~* of ~ must therefore be cyclical. 
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253. We will apply the results of the last paragraph to 
the case in which all the operations of 2 are of order 2. Then 


Oo) r 
. ds - - 
2’ must be of order 2°, since | is cyclical. Suppose now that 


og! 

FR is an operation of J of odd order, which is permutable with 
2 but not with 2. If #& were self-conjugate in a sub-group 
whose order is divisible by 2%, this sub-group would contain 
2 and therefore one or more sub-groups of order 2* containing 
2. But & is not permutable with any sub-group of order 2% 
that contains 2’; and therefore the highest power of 2 that 
divides the order of the group in which & is self-conjugate is 
27, so that FR is one of 2w (w odd) conjugate operations. If 
now A is an operation of order 2 that belongs to 2 and not to 
2", no operation conjugate to R can be permutable with A. 
Hence in the substitution group of degree 2y, that results on | 
transforming the set of operations conjugate to & among them- 
selves by all the operations of G, the substitution corresponding 
to A is an odd substitution. This substitution group has 
therefore a self-conjugate sub-group whose order is half its own, 
and therefore G has a self-conjugate sub-group of order 2% n. 
In the same way it may be shewn that this sub-group has a 
self-conjugate sub-group of order 2*?n; and so on. Hence G 
has a sub-group H of order n. But it follows from Theorem 
VII, § 248, that G has exactly 1 operations whose orders divide 
n; and therefore H is a self-conjugate sub-group. Moreover, 
since — an Abelian group of order 2%, 1t must contain self- 
conjugate sub-groups of every order 2”(r=1, 2,...... ,a—1); 
and G therefore has self-conjugate sub-groups of every order 
2°n. In general however these sub-groups are not character- 
istic, as 1s the case when 2 is cyclical. 


254. We will consider next the case where 2 is generated 
by two operations A and B, of orders 2*! and 2. There are in 
2 three operations of order 2, namely, A®**, A®*B, and B; and 
in 2 there are no operations, of order greater than 2, of which 
the two latter are powers. Suppose that G contains an opera- 
tion B’, conjugate to B, with which A%* ~ is not permutable. 


Then {A2” *, B’} is a dihedral group, and if R is an operation 
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of odd order of this group, no power of A is permutable with 
R. Since A” ~ and B’ are not conjugate operations in G, there 


must be an operation of order 2, conjugate to A2* “B, and 
permutable with #. The sub-group, in which {Jf} is self- 
conjugate, therefore contains representatives of each of the 
three sets of conjugate operatious of order 2 that belong to G; 
and in this sub-group these representatives form three distinct 


conjugate sets. Hence no operation conjugate to A2” ~ can be 
permutable with £; and therefore no power, except identity, 
of an operation conjugate to A is permutable with &. Hence 
f is one of 2% yw (w odd) conjugate operations, with none of 
which is A permutable. It follows that, in the substitution 
group of degree 2% with which G@ is isomorphic, A is an odd 
substitution. Hence G contains a self-conjugate sub-group of 
order 2*"n; and since this is of the same type as G, the 
same reasoning may be applied to it. Exactly as before, G 
will contain self-conjugate sub-groups of every order 2’n 
ee eee ,a—l1). 

We have assumed that there is an operation Bb’, conjugate 


to B, with which A2* “is not permutable. If 42” ~ were per- 
mutable with every operation that is conjugate to B, the 


sub-group in which A2 ~ is permutable would contain a self- 
conjugate sub-group G' of G, whose order is divisible by 2. In 


this case, we may deal with eo exactly as we have been 


Gy 
dealing with G. 


The results of S§ 250—254 may be summed up in the 
following form :— 


THEOREM IX. Jf ina group G of order 2*n, where n is 
odd, a sub-group 2 of order 2* ws an Abelian group of type 
Cote ts) or Cl bn , 1), and of 6:2) and n are relatively 
prime, then G contains self-conjugate sub-groups of each order 
DUC Wd, Ges ies ,a—1). 


255. Still representing the order of G by 2%n, where n is 
odd, there are two cases, in which the sub-groups of order 2 
are not Abelian, where it may be shewn without difficulty that 
G contains a self-conjugate sub-group of order n. 
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THEOREM X. Jf the order of G is 2*n, where n is odd and 
not divisible by 3, and if a sub-group 2 of order 2* is of the type 
(i) A“ *=1, BP=A*”*, BOAB=A-, 

or (ii) A““=1, B=1 , BHAB=A-, 
G contains a_ self-conjugate sub-group of each order 28n 
(60,45 :.., 4-1), 

For each of these types, (2) is 3 or 1; and if 2 is any 
sub-group of 2, 3 (2’) is either 3 or 1. Hence if any operation 
of G of odd order is permutable with 2 or 2, it must be 
permutable with every operation of 2 or 2’. In each type, 
the self-conjugate operations form a cyclical sub-group of order 
2, namely {A *}. 

We will consider first the case where 2 is of type (i). In 
this case, {A** ”. and {B} are sub-groups of G of order 4, the 
former being self-conjugate in 2 while the latter is not. If 
they are conjugate sub-groups in G, we have seen (§ 82) 
that G must contain an operation of odd order S, such that 
the sub-groups S~" {B} 8S" (n=0, 1, 2,...) are permutable with 
each other. This is impossible, since every operation that 
is permutable with a sub-group 2 is permutable with all its 


operations. Hence {A} and {B} are not conjugate sub- 
groups; and A” and B are not conjugate operations. 


Now A® “is self-conjugate in {A} and is one of two conjugate 
operations in 2; therefore in G it must be one of 2 con- 
jugate operations, where w is odd. When these 24 conjugate 
operations are transformed by 5 Ei two only, namely, A?” and 
A-*~* remain unchanged. Let us suppose that, in the resulting 
substitution, there are x cycles of 2 symbols and y cycles of 4 
symbols. 

When the 2 conjugate operations are transformed by B, 
none can remain unchanged; and we may suppose that the 
resulting substitution has a’ cycles of 2 symbols and y’ cycles of 
4 symbols. 


Now since A*~* = B 
y=Y; 
and therefore l+ec=a. 
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Hence one of the two substitutions A* and B must be odd 
G has therefore a self-conjugate sub-group of order 2*"n. The 
groups of order 27 contained in this self-conjugate sub-group 
are either of type (i), with a—1 written for a: or they are 
cyclical; for, like 2, they can only contain a single operation of 
order 2. If they are cyclical, the reasoning of § 250 may 
be applied; and if they are of type (i) the same reasoning 
will apply to the self-conjugate sub-group of order 2*1n 
that has been used for G. Finally, then, G must contain 
sub-groups of orders n, 2n, 2°n,...,2*n, each of which is 
contained self-conjugately in the next; and therefore the sub- 
group H of order n must be self-conjugate. 


If 2 is of type (11), A is one of 2 conjugate operations 
in G, where pw is odd. It may be shewn, as in the previous 
case, that B and A* ~ cannot be conjugate in G, so that no one 
of the operations conjugate to A has B for one of its powers. 
If now B were permutable with any one of these 2u conjugate 
operations, the group would contain an Abelian sub-group of 
order 2%, which is not the fact. Hence the substitution, given 
on transforming the 2u operations by B, consists of w transposi- 
tions and is an*odd substitution. Therefore G contains a self- 
conjugate sub-group of order 2*~n, in which the sub-groups of 
order 2*"! are cyclical. Hence, again, there is a self-conjugate 
sub-group of order n. 


256. The only non-Abelian groups of order 2° are those of 
types (i) and (ii) of § 255, when a=3. The Abelian groups 
of order 2? and 2? are all included in the types considered in 
Theorem IX, § 254. For an Abelian group 2, of order 2° and 
type (2, 1), 0(2) is 3; and for one of order 2° and type (1, 1, 1), 
6(2) is 21. Hence Theorems IX and X shew that, if 2, 
2? or 2° divide the order of a group, but not 2%, then the 
operations of odd order form a self-conjugate sub-group, with 
possible exceptions when 12 or 56 is a factor of the order. 
Hence :— 


THEOREM XI. A group of even order cannot be simple 
unless 12, 16 or 56 is a factor of the order*. 


* Burnside, Proc. L. M. S. Vol. xxv1, (1895), p. 332, 
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257. In further illustration of the methods of the preceding 
paragraphs, we will deal with another case in which the sub-groups 
of order p* are not Abelian. 


Let G be a group of order p*m, where m is relatively prime to 
p(p—1)...... (p*—1); and suppose that a sub-group / of order p* is 
such that within it every operation is either self-conjugate or one 
of p conjugate operations*. Let h be a sub-group of G whose order 
is a power of p; and let S be an operation of G whose order is not 
divisible by p. Then since m is relatively prime to p(p—1)...... 
(p*—1), if S is permutable with 4, it is permutable with every 
poo uan of h. Hence it follows from § 82 that no operation of 
H, which is not self-conjugate in H, pe be conjugate in G to 
a self-conjugate operation of H. Suppose now that S, and S, are 
two operations of H, each of which in # is one of p conjugate 
operations ; and that while S, and S, are conjugate in G, they 
are not conjugate in /, the greatest group that contains H self- 
conjugately. Let H, and H, be the sub-groups of H, of orders 
p*-', which contain S, and S, self-conjugately. Since S, and 8S, 
are conjugate in G, all the sub- groups of order p*™’ which contain 
either of them self-conjugately belong to the same conjugate 
set. If then H, and /H, are identical, there must be an operation, 
of order prime to p, which will transform S, into S, and H, 
into itself. This, we have seen, is impossible. If H, and H, are 
not identical, there must be an operation which will transform S, 
into S, and H, into H,. Now H, and H, both contain the sub-group 
h formed of the self-conjugate operations of H; and since no self- 
conjugate operation of H is conjugate in G with any operation of 
H which is not self-conjugate, the operation in question, which 
transforms S, into S, and H, into H,, must transform h into itself. 
Hence S, and S, are conjugate operations in that sub-group, G6", of & 


which contains h self-conjugately. Now in the operations, that 


h 
correspond to S, and S,, are self-conjugate operations of - . Since 
then these operations are conjugate in ss they must (§ 82) be 


conjugate in = This however is impossible, since every operation 


of ~ whose order is a power of » is self-conjugate. Finally, then, no 


h 
two operations of H, which are not conjugate in H, can be conjugate 
in G; and the number of distinct sets of conjugate operations in G, 
whose orders are powers of p, is equal to the number in #. From this 


H 
ge 
is Abelian, h being the sub-group formed by the self-conjugate operations of 1, 


* The reader will easily verify that, when this condition is satisfied 


’ 
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it follows, as in previous cases, that the number of operations of ¢ 
whose orders divide m is equal to m. 


258. THEOREM XII. The only simple groups, whose orders 
are the products of four or of five primes, are groups of orders 
60, 168, 660, and 1092: and no group, whose order contains 
less than four prime factors, is simple. 


Groups, whose orders are p,, PiPa, Pr, Pr, Pr'P2; Pipe’ OY Pi Pops, 
are all proved to be soluble by previous theorems in the present 
chapter. 


If the order of a group contains four prime factors, it must 
be of one of the forms p,‘, p,°p., p:°p.7, PiPoPs, Pipe, PiprFDs, 
Pipsps’ OF Pipopsps. If p, is an odd prime, groups of any one of 
these orders have already been shewn to be soluble; while if p, 
is 2, the only case which can give a simple group is 2*p,p;._ If 
a group of this order is simple, it follows from Theorem VIII, 
Cor. (§ 249), that p, must be 3 ; and the order of the group 12p,. 
A cyclical sub-group of order p; must be one of 1+kp, conjugate 
sub-groups. Hence 1 + kp, must be a factor of 12, so that p; is 
either 5 or 11. If p, were 11, the 12 conjugate sub-groups of 
order 11 would contain 120 distinct operations of order 11, and 
the tetrahedral sub-group, which the group (if simple) must 
contain, would be self-conjugate. Hence p; must be 5 and the 
order of the group is 60. We have already seen that a simple 
group of order 60 actually exists, namely, the icosahedral group ; 
and that there is only one type for such a group (§ 85). 


If the order of a group contains five prime factors, it must 
be of one of the forms :— 


D1, PrP; Pr po", Pr P2P3, PrP, PPPs, Pr P2Pss Pr P2PsPs Pipo*, 
PiPs'Ps, PiP2'Ps’s P1P2'PsPs, PiP2Ps* PiP2Ps'Ps> PiP2PsPs’, PiP2PsPsPs- 

If p, is an odd prime, it follows from previous theorems that 
none of these forms, except p,'p.p; and p,p.*p;, can give simple 
groups. 

Taking first the order p,p.°p3, let us suppose (without limita- 
tion to the particular case) that a group of order p,p,/"p; 1S 
simple. It must contain p; or p,p; conjugate sub-groups of 
order p,”. In either case, the operations of these sub-groups 
must be all distinct, or else they must all have a common 
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sub-group, for the order of the group contains no factor 
congruent to unity (mod. p,), except p; or p:p;. Now the group 
contains (§ 248) just p.”p; operations whose orders are not 
divisible by p,; and if there are p,; sub-groups of order p,” 
whose operations are all distinct, there are (p,.” — 1) p, operations 
whose orders are powers of p,. Hence, in this case, a sub-group 
of order p, is self-conjugate. On the other hand, if there are 
Pips sub-groups of order p,.™, their operations cannot be all 
distinct; and the group has a self-conjugate sub-group whose 
order is a power of p,. A repetition of this reasoning shews 
that a group of order p,p,""ps is always soluble. 


We consider, next, a group whose order is p,*p.p;. If p, is 
odd, p,? cannot be congruent to unity, mod. p, or mod. p;. The 
same is true, when p,=2, if p, is not equal to 3. We shall 
therefore first deal with a group of order p,'p.p, on the sup- 
position that p, is not 3. 


If neither p, nor p, divides p,* — 1, it follows from §§ 248, 257 
that there are just p,p; operations in the group whose orders 
divide p,p;. When this is the case, the group clearly cannot 
be simple. 


If p, divides p?—1, and if there are more than pups 
operations whose orders divide p.p;, a sub-group of order p,3 
must be self-conjugate in a sub-group of order p,*p;, so that the 
group is isomorphic with a group of degree p,. In this case, 
again, the group cannot be simple. 


Finally, then, we have only to deal with the case in which a 
sub-group of order p,* is self-conjugate in a sub-group of order 
p:*p,, While in this sub-group an operation of order p, is 
one of p,° conjugate operations. Now the congruences 

p= 1 (mod. p.), 

2 = 1 (mod. p,), 
are inconsistent; therefore, if a sub-group of order p, is self- 
conjugate in a sub-group of order p,*p,, the latter must be 
Abelian. Hence the group contains p,’(p.—1) ps operations 
whose orders are divisible by p,. Now if the sub-groups of 


order p,* have a common sub-group, it must be common to all of 
the sub-groups of order p,*, and it is a self-conjugate sub-group. 
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If, however, no two have a common sub-group, the group 
contains (p,3—1)p; operations of order p,; and there remain 
only ps operations whose orders divide p;. The group is 
therefore in any case composite. 

If now p,=3, a group of order 2°3p, has, by Sylow’s theorem, 
a self-conjugate sub-group of order p; unless p; is 5, 7, 11 or 23. 
If p; = 23, the group (if simple) would have just 24 operations 
whose orders divide 24; it is thence easily seen to be non- 
existent. If p=11, the group (if simple) could be expressed as 
a doubly transitive group of degree 12. In this form, however, 
each operation, which transforms an operation of order 11 into 
its own inverse, would be a product of 5 transpositions and 
therefore an odd substitution. This group therefore cannot be 
simple. If p;=5, the group could be expressed as a doubly 
transitive group of degree 6. The sub-group of order 4 which 
transforms a sub-group of order 5 into itself would be cyclical ; 
and the corresponding substitution being odd, the group could 
not be simple. 


Hence, finally, the only possibility is a group of order 168. 
That a simple group of this order actually exists is shewn in 
§ 146; also, there is only one type of such group. 


When p, is equal to 2, the only case, that requires dis- 
cussion in addition to those we have dealt with, is p,p.psps. 
A group of this order can only be simple (§ 249) when it 
contains a tetrahedral sub-group. In this case, the operations 
of order 2 form a single conjugate set, and the group contains 
just 3p3p, operations whose orders are divisible by 2. Ifa sub- 
group of order 273q is the greatest that contains a sub-group of 
order 3 self-conjugately, the group will contain 2?-*(3 — 1) psp, 
operations whose orders are divisible by 3 and not by 2. Hence 
the group must contain either p,p,, 5p;ps, or Tp;p,, operations 
whose orders divide p;p,. On the other hand, the number of 
these operations may be expressed in the form 


&(ps—1) piety (ps1) +1, 
where « is a factor of 12, and y is a factor of 12p,; which is 
congruent to unity, mod. p,. 


Hence 
x (ps;—1)p,t+y (ps — 1) = 2psp,—1, (2 = 1, 5, 7). 
B. 24 
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The case z=1 leads to y=1,s0 that the sub-group of order 
Ps is self-conjugate. 

The case z= 5 gives no solution; but when z= 7, it will be 
found that there are two solutions, namely, 


%=6, y=12, p;=5, py=11, 

and #a=6, y=14, p,=7, p, =18. 
That simple groups actually exist corresponding to the 
two orders 660 and 1092 thus arrived at, is shewn in § 221. 


There is also in each case a single type; the verification 
of this statement is left to the reader. 


259. As has already been stated at the beginning of the 
present chapter, the solution of the general problem of pure 
group-theory, namely, the determination of all possible types of 
group of any given order, depends essentially on the previous 
determination of all possible simple groups. A complete solution 
of this latter problem is not to be expected ; but for orders, which 
do not exceed some given limit, the problem may be attacked 
directly. The first determination of this kind was due to ~ 
Herr O. Hélder’, who examined all possible orders up to 200: 
he proved that none of them, except 60 and 168, correspond to 
a simple group. Mr Cole? continued the investigation, by 
examining all orders from 201 to 660, with the result of shewing 
that in this interval the only orders, which have simple groups 
corresponding to them, are 360, 504 and 660. The existence 
of a simple group of order 504 had not been recognised 
before Mr Cole’s investigation. 


The author® has carried on the examination from 661 to 
1092, with the result of shewing that 1092 is the only number 
in this interval which is the order of a simple group. 


As the limit of the order is increased, such investigations 
as these rapidly become more laborious, since a continually in- 
creasing number of special cases have to be dealt with. There 
is little doubt however but that, with the aid of the theorems 
proved in the present chapter, the investigation might be 
continued without substantial difficulty up to 2000. 

* Math, Ann. Vol. xu, (1892), pp. 55-88. 


2 American Journal of Mathematics, Vol. xv, (1893), vp. 303-315. 
3 Proc. London Math. Soc., Vol. xxv1, (1895), pp. 333-338. 
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We shall here be content with verifying the result of Herr 
Holder’s and Mr Cole’s investigations for orders up to 660. The 
method used in dealing with particular numbers may suggest 
to the reader how the determination might be continued. 


260. It follows from Theorem XII that, if an odd number 
can be the order of a simple group, it must be the product of at 
least 6 prime factors. Moreover, by previous theorems, we have 
seen that 3%, 3°p and 3‘p? cannot be orders of simple groups. 
Hence certainly no odd number less than 3‘. 5.7 or 28351 can be 
the order of a simple group. Therefore, by Theorem XI, we need 
only examine numbers less than 660 which are divisible by 
12, 16, or 56. When each number less than 660 which is 
divisible by 12, 16, or 56 is written in the form p,“p,”..., it 
will be found that, with eleven exceptions, Theorems II to 
XII of the present chapter immediately shew that there are no 
simple groups corresponding to them. The exceptions are 60, 
168, 240, 336, 360, 480, 504, 528, 540, 560, 660. We will first 
deal with such of these numbers as do not actually correspond 
to simple groups. 

240 = 24.3.5. 
A simple group of this order would contain 6 or 16 sub-groups 
of order 5. If it contained 6 sub-groups of order 5, the group 
could be expressed as a transitive substitution group of degree 
6; and there is no group of degree 6 and order 240. If there 
were 16 sub-groups of order 5, each would be self-conjugate in 
a group of order 15, which must be cyclical. The group then 
would be a doubly transitive group of degree 16 and order 
16.15. Such a group (§ 105) contains a self-conjugate sub- 
group of order 16. 

336 = 24.3. 7. 


A simple group of this order would contain 8 sub-groups of 
order 7, each self-conjugate in a group of order 42. We have 
seen (§ 146) that there is no simple group of degree 8 and order 
Saale oO: 


It is not, of course, here suggested that 2835 is the order of a simple 
group. It may, in fact, be shewn with little difficulty that no number of the 
form 34pq, 3°p?q, or 3"p*q, where p and q are odd primes, can be the order of a 
simple group. A much higher limit than 2835 may therefore be given for the 
order, if odd, of a simple group. 


24—2 
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480 = 2°.3. 5. 


Since 2° is not a factor of 5!, a group of order 480 must, if 
simple, contain 15 sub-groups of order 2°. Now 2° is not con- 
gruent to unity, mod. 4, and therefore (§ 78) some two sub-groups 
of order 2° must have a common sub-group of order 24. Such 
a sub-group, of order 2‘, must (§ 80) either be self-conjugate, or 
it must be contained self-conjugately in a sub-group of order 
2°.3 or 2°.5. In either case the group is composite. 


625 =o) By 


There must be 12 sub-groups of order 11, each being 
self-conjugate in a group of order 44. A group of order 44 
necessarily contains operations of order 22, and such an opera- 
tion cannot be represented as a substitution of 12 symbols. 
The group is therefore not simple. 


540 = 2? , 3°. 5, 


There must be 10 sub-groups of order 3°, each self-conjugate 
in a group of order 2.3%, There must also be 36 sub-groups of 
order 5, each self-conjugate in a group of order 15. Now when 
the group is expressed as transitive in 10 symbols, the substitu- 
tions of order 5 consist of 2 cycles of 5 symbols each, and 
no such substitution can be permutable with a substitution of 
order 3. Hence the group is not simple. 


560 = 24.5.7. 


There must be 8 sub-groups of order 7. A transitive group 
of degree 8 and order 8.7.10 does not exist (§ 146). 


That there are actually simple groups of orders 60, 168, 360, 
and 660, has already been seen; the verification that there is 
only a single type of simple group of order 360 may be left 
to the reader. It remains then to consider the order 504. 


DUS 2). 1. 


A simple group of this order must contain 8 or 36 sub-groups 
of order 7, There is no group of degree 8 and order 504 (§ 146). 
Hence there must be 36 sub-groups of order 7. 
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Again, there must be 7 or 28 sub-groups of order 3?; and 
since there is no group of degree 7 and order 504 (J.c.), there 
are 28 sub-groups of order 3%. If two of these have a common 
operation P of order 3, it must (§ 80) be self-conjugate in a group 
containing more than one sub-group of order 3%. If the order 
of this sub-group is 2°. 3?, it must contain a sub-group of order 
2? self-conjugately ; and therefore this sub-group of order 2? must 
be self-conjugate in a group of order 2.3? at least. Such a 
group would be one of 7 conjugate sub-groups, and this is 
impossible. Similarly, P cannot be self-conjugate in a group 
whose order is greater than 2?. 3% Hence no two sub-groups 
of order 3? have a common operation, except identity. 


There are therefore in the group 216 operations of order 7, 
and 224 operations whose orders are powers of 3, leaving just 
64 other operations. 


Suppose now that A is an operation of order 2, self-con- 
jugate in a sub-group of order 2%. If A is self-conjugate in a 
group of order 2°x (x being a factor of 3°.7), this group must 
contain at least 2 operations of odd order and therefore at least « 
operations of the form AS, where S is an operation of odd order 
permutable with A. There are also # operations of this form, 


corresponding to each of the = operations conjugate to A; 


so that the whole group contains 63 operations of the form AS, 
where S is of odd order and permutable with A, while A is one 
of a set of conjugate operations of order 2, each of which is self- 
conjugate in a sub-group of order 2%. Hence taking the iden- 
tical operation with these 63 operations of even order, all the 
operations of the group are accounted for; and there are there- 
fore no operations whose orders are powers of 2 except those of 
the conjugate set to which A belongs. The sub-groups of order 
2? are therefore Abelian groups whose operations are all of order 
2; and since the 7 operations of order 2, in a group of order 2°, 
are all conjugate in the group of order 504, they must (§ 81) be 
conjugate in the sub-group within which the group of order 2° 
is self-conjugate. Hence, finally, there must be 9 sub-groups of 
order 2°, each self-conjugate in a group of order 2°. 7, in which 
the 7 operations of order 2 form a single conjugate set. 
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A simple group of order 504, if it exists, must therefore be 
expressible as a triply transitive group of degree 9, in which 
the sub-group of order 56 that keeps one symbol fixed is of 
known type. From this, several inferences can be drawn. 
Firstly, all the 63 operations of order 2 of the 9 sub-groups 
of order 2* must be distinct, since each operation of order 2 
keeps just one symbol fixed. There is therefore a conjugate 
set of 63 operations of order 2, and there are no other operations 
of even order in the group. Secondly, the 224 operations whose 
orders are powers of 3 cannot all be operations of order 3. For, 
if they were, there would be 8 operations of order 3 containing 
any three given symbols in a cycle; and therefore the group 
would contain operations other than identity which keep 3 
symbols fixed. This is not the fact; the sub-groups of order 
3 are therefore cyclical. 


Conversely, we may now shew that such a triply transitive 
group of degree 9, if it exists, is certainly simple. The distri- 
bution of its operations in conjugate sets has, in fact, been 
determined as follows. There are :— 


3 conjugate sets of operations of order 7 each containing 72 operations 
56 


1 +P) 9 3 ”? 56 ” 
1 9 ”) 2 9 63 ” 


A self-conjugate sub-group, that contains a single operation 
of order 7, must contain all of them; and such a sub-group, 
that contains a single operation of order 9, must contain all 
the operations of orders 3 and 9. Hence if a self-conjugate sub- 
group contains operations of order 9, its order must be of the form 


1 + 224 + 216a + 63y; 


and if it contains no operations of order 9, its order must be of 
the form 

1 + 56a’ + 2167 + 632’; 
each of the symbols a, y, 2’, y’, 2’ being either zero or unity. 
The order must at the same time be a factor of 504. A very 
brief consideration will shew that all these conditions cannot be 
satisfied, and therefore that no self-conjugate sub-group exists. 


That there is a triply transitive group of degree 9 and order 
9.8.7, has already been seen in § 113; and the actual formation 
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of the substitutions generating this group will verify that it 
satisfies the conditions just obtained. 


We may however very simply construct the group by the 
method of §109; and this process has the advantage of shewing 
at the same time that there is only one type. 


There is no difficulty in constructing the sub-group of order 
56 as a doubly transitive group of 8 symbols. If we denote by 
s and t the two substitutions 


(1254673) and (12) (34) (56) (78), 
{s, t} is, in fact, a group of the desired type. If now A is any 


substitution of order 2 in the symbols 1, 2, ...... , 8, 9 which 
contains the transposition (89), and satisfies the conditions 


AsA = S,, AtA S,AS8;, 


where S,, S,, S; belong to {s, ¢}: then (§ 109) it follows that 
{|A, s, t} is a triply transitive group of degree 9 and order 504, 


Now every operation of order 2 in the group, which inter- 
changes 8 and 9, must transform s into its inverse. Also from 
the 9 symbols only 7 operations of order 2, satisfying these 
conditions, can be formed; and if one of them belongs to the 
group, they must all belong to it. Hence there cannot be more 
than one type of group satisfying the conditions. 


Finally, if A = (89) (23) (46) (57), 
then AR oo. 
and AtA can be expressed in the form 
(1635842) A (1685437), 


where the two operations (1635842) and (1685437) belong 
to {s, t}. It follows, then, that {A, s, ¢} is a triply transitive 
group of degree 9 and order 504, which satisfies all the con- 
ditions, and that there is only a single type of such group. 


261. The order of a non-soluble group must be divisible by 
the order of some non-cyclical simple group. Moreover, if JV is 
the order of a non-cyclical simple group and if n is any other 
number, there is always at least one non-soluble group of order 
Nn; for, G being a simple group of order V and H any group 
of order n, the direct product of G and H is a non-soluble group 
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of order Vn. Herr Holder’ has determined all distinct types of 
non-soluble groups whose orders are less than 480. He shews 
that, besides the three simple groups of orders 60, 168, and 
360, there are 22 non-soluble groups whose orders are given by 
the following table. 


120 | 180 240 300 | 336 | 360 | 420 


Ea og ee Ge aes ah tak OR a eee gs ae | 


| 


For the proof of all these results except the first, and for 
the very interesting and suggestive methods that lead to them, 
the reader is referred to Herr Hélder’s memoir. The case 
of a non-soluble group of order 120 is susceptible of simple 
treatment; and we will consider it here as exemplifying how 
composite groups may be constructed when their factor-groups 
and the isomorphisms of the latter are completely known. 


262. The composition-factors of a non-soluble group G of order 
120 are 2 and 60. If these may be taken in either order, then G 
contains a self-conjugate sub-group of order 2 and a self-conjugate 
sub-group of order 60. The latter, being simple, must be an 
icosahedral group and cannot contain the former. Hence, in this 
case, G must (§ 34) be the direct product of an icosahedral group 
and a group of order 2. 


Next, suppose that the composition-factors can only be taken in 
the order 2, 60. Then G@ contains a self-conjugate sub-group H of 
icosahedral type and no self-conjugate sub-group of order 2. Hence 
if S is any operation of G which is not contained in H, the 
isomorphism of H which arises on transforming its operations by S 
must (§ 165) be contragredient. It follows that G is simply isomor- 
phic with a group of isomorphisms of H. Now H is isomorphic 
with the alternating group of degree five, and its group of isomor- 
phisms is therefore (§ 173) simply isomorphic with the symmetric 
group of degree five. Hence, in this case, G is simply isomorphic 
with the symmetric group of degree five. 


Lastly, suppose that the composition-factors can only be taken 
in the order 60,2. Then G has a self-conjugate sub-group of order 2 
and no self-conjugate sub-group of order 60. Hence (§ 35) G has 


1 «Bildung zusammengesetzter Gruppen,” Math. Ann. Vol. xuv1., (1895), 
pp. 321-422; in particular, p. 420. 
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no sub-group of order 60. Suppose that A is the self-conjugate 
operation of order 2, and arrange the operations of @ in the sets 


EiacUB, BAS B, Bae 28 Bk: 


Since (Aj is simply isomorphic with an icosahedral group, it must 
(§ 203) be possible to choose three sets 
hs S’A ; Fe ash Ba: _ SUA : 

--such that either operation of the first, multiplied by either operation 
of the second, belongs to the third set; while at the same time the 
cube of either operation of the first set, the fifth power of either 
operation of the second set, and the square of either operation of the 
third set, belong to the set 1, A. Now if 

fog 
then (S’A)® = A 
Hence we may assume, without loss of generality, that 


SS’ — ie ss = i AS ad ad a a or Fy ia. 


If S’” is of order 2, so also is S’’A, and G would then contain an 
icosahedral sub-group. Hence 


gs ie :: 
and gn A 
Now Si=1,. &f=1, (S8,F=1; 


is a complete set of defining relations for the icosahedral group ; so 
that, from the symbols S, and S,, exactly 60 distinct products can be 
formed. Hence from S’, S”, and A, where 
ro gaa) gr ms Sa Aes 

A being permutable both with S’ and 8”, exactly 120 distinct 
products can be formed. It follows that the relations just given are 
the defining relations of a non-soluble group of order 120, which has 
a self-conjugate sub-group of order 2 and no sub-group of order 60 ; 
and that there is only one type of such group. We have already 
seen (§ 221) that there must be at least one such type of group; viz. 
the group defined by 

2,’ = aX, + Bae, 

Xo = yx,+8xa,, (mod. 5). 


ad— By =1, 
Ex. If p is an odd prime, shew that a group, whose composition- 
factors are 60 and p, must be the direct product of an icosahedral 
group and a group of order p. (Holder. ) 


263. Let G be a composite group; and suppose that the 
factor-groups of the composition-series of @ are the two non- 
cyclical simple groups H’ and H in the order given. Then 
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(§ 165) if H, is the group formed of all the operations of G 
which are permutable with every operation of H, the direct 
product {H, H,} of H and H, is a self-conjugate sub-group of G. 
Now the composition-factors of {H, H,} are composition-factors 
of G. Hence H, must either be isomorphic with H’, or it must 
reduce to the identical operation. The latter alternative can 
only occur if = has a sub-group simply isomorphic with H’, 
L being the group of isomorphisms of H. In the cases of the 
simple groups whose groups of isomorphisms have been in- 
vestigated in Chapter XI, ie. the alternating groups, the doubly 
transitive groups of degree p” + 1 and order $p” (p*" — 1), and the 
triply transitive groups of degree 2”4+ 1 and order 2"(2—1), 
= was found to be an Abelian group. (These groups include 
all the simple groups whose orders do not exceed 660.) If H 
and H’ belong to these classes of groups, then G must be the 
direct product of simple groups simply isomorphic with H and 
H'. For instance, a group of order 3600, whose composition- 
factors are 60 and 60, must be the direct product of two icosa- 
hedral groups. 


This result may clearly be extended to the case of a group, 
the factor-groups of whose composition-series are a number of 


non-cyclical simple groups H,, H,,...... , H,,, such that no two 
L 


of them are of the same type, while for each of them i 
is soluble. Such a group must be the direct product of n 
simple groups which are isomorphic with H,, Hp,...... » Ay. 


If, however, several of these groups are of the same type, the 
inference is no longer necessarily true. Thus if G is the direct 
product of five icosahedral groups, and if LZ is the group of 


isomorphisms of G, the order of = is 25.5!, and this group © 


contains icosahedral sub-groups. A group of order (60)%, the 
factor-groups of whose composition-series are all of order 60, 
is not therefore necessarily the direct product of 6 icosahedral 


groups. 
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Note to § 257. 


The property stated in the footnote on p. 366 may be proved as 
follows. Let S, and S, be two operations of the group which are 
not permutable with each other ; and suppose that 


S,718,S, = 8,3. 
The sub-group of order p"~', which contains S, self-conjugately, also 
contains 5,5 self-conjugately (§ 55); therefore it contains & self- 
conjugately. Similarly the sub-group, which contains S, self-conju- 
gately, contains S,>~' and therefore  self-conjugately. Hence 5%, - 
being contained self-conjugately in two distinct sub-groups of order 
p”—*, is a self-conjugate operation. From this it follows at once that 


s is Abelian. 


Note to § 258. 


The statement, on p. 368, that the congruences p,* = 1 (mod. p,) 
and p,=1 (mod. p,) are inconsistent, is subject to an exception 
if p?+p,+1 is a prime. When this is the case and when 
P.=p,?+pi+1, a group of order p,*p,p; can only be simple, under 
the conditions assumed in the text, if it contains (p,°—1) p,; opera- 
tions of order p,, p;°(p.—1) ps operations of order p,, p,*p.(p3—1) 
operations of order p;, and no other operation except identity. The 
relation 


Pr'P2Ps = (Pr — 1) ps + Pr (P2— 1) Ps + Pr'P2 (Ps— 1) +1 
cannot however be satisfied ; the group is therefore composite. 


Note to § 260. 


No simple group of odd order is at present known to exist. An 
investigation as to the existence or non-existence of such groups 
would undoubtedly lead, whatever the conclusion might be, to 
results of importance; it may be recommended to the reader as 
well worth his attention. Also, there is no known simple group 
whose order contains fewer than three different primes. This 
suggests that Theorems ITI and IV, §§ 243, 244, may be capable of 
generalisation. Investigation in this direction is also likely to lead 
to results of interest and importance, 


APPENDIX. 


THE technical phraseology that has been used in this book is 
borrowed almost entirely from French or German; and far the 
greater number of important memoirs on the subject of finite groups 
are written in one or the other of those languages. To enable the 
reader to refer, with as little trouble as possible, to the writings of 
foreign mathematicians, a table is here given of the French and the 
German equivalents of the more important technical terms. Even 
abroad, the phraseology of the subject has not yet arrived at that © 
settled state in which every writer uses a technical term in the | 
same sense; but the variations of usage are not very serious. In 
his recently published Lehrbuch der Algebra, however, Herr Weber 
has introduced or adopted several deviations from ordinary usage ; 
the chief of these are noted, by the addition of his name after the 


term, in the subjoined table. 
Group 

Abelian group 

Alternating group 


Complete group 
Composite group 


Factor-group 
Primitive or imprimitive group 
Transitive or intransitive group 
Simple group 
Soluble group 


Substitution group 


Symmetric group 


Group of isomorphisms 


Groupe 

Gruppe 

Groupe des opérations échangeables 

Abel’sche Gruppe 

Groupe alterné 

Alternierende Gruppe 

Vollkommene Gruppe 

Groupe composé 

Zusammengesetzte Gruppe 

Groupe facteur 

Factorgruppe 

Groupe primitif ou non-primitif 

Primitive oder imprimitive Gruppe 

Groupe transitif ou intransitif 

Transitive oder intransitive Gruppe 

Groupe simple 

Einfache Gruppe 

Groupe résoluble 

Auflésbare Gruppe 

Metacyclische Gruppe! ( Weber) 

Groupe des substitutions or systéme 
des substitutions conjuguées 

Substitutionengruppe 

Groupe symétrique 

Symmetrische Gruppe 

Gruppe der Isomorphismen 


1 This term is used by other German writers to denote the holomorph of a 


group of prime order, 
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Sub-group 
Conjugate sub-groups 


Self-conjugate sub-group 


Maximum self-conjugate sub-group 


Characteristic sub-group 
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Sousgroupe 

Untergruppe 

Theiler ( Weber) 

Sousgroupes conjugués 

Gleichberechtigte Untergruppen 

Conjugirte Theiler ( Weber) 

Sousgroupe invariant 

Ausgezeichnete Untergruppe or in- 
variante Untergruppe 

Normaltheiler ( Weber) 

Sousgroupe invariant maximum 

Ausgezeichnete ov invariante Maxi- 
maluntergruppe 

Groésster Normaltheiler ( Weber) 

Charakteristische Untergruppe 


Composition-series 


Composition factors 


Chief series 
Characteristic series 


Suite de composition 

Reihe der Zusammensetzung 

Compositionsreihe ( Weber) 

Facteurs de composition 

Factoren der Zusammensetzung 

Hauptreihe 

Liickenlose Reihe charakteristischer 
Untergruppen 


Simple isomorphism 
Multiple isomorphism! 


Isomorphism of a group with itself 
Cogredient or contragredient iso- 
morphism 


Isomorphisme holoédrique 

Holoédrischer or einstufiger 
morphismus 

Isomorphisme meriédrique 

Meriédrischer ov mehrstufiger Iso- 
morphismus 

Isomorphismus der Gruppe in sich 

Cogredient oder contragredient Iso- 
morphismus 


Iso- 


Degree (of a group) 
JPOCE? ms so 55 


Genus _,, - 


Degré 

Grad 

Ordre 
Ordnung 
Grad ( Weber) 
Geschlecht 


1 It is to be noticed that, if G is multiply isomorphic with H, then H is 


‘“‘ meriédriquement isomorphe’”’ with G. 
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Substitution Substitution 
Substitution or Buchstabenvertausch- 
un 
Circular substitution Substitution circulaire 
Cirkularsubstitution 
Even and odd substitutions Substitutions positives et négatives 
Gerade und ungerade Substitutionen 
Regular substitution Substitution réguliére 
Regulire Substitution 
Similar substitutions Substitutions semblables 
Ahnliche Substitutionen 
Transposition Transposition 
Transposition 


One other term, introduced by Herr Weber, for which no simple 
equivalent is used in this book, must be mentioned. The greatest - 
sub-group which is common to two groups he calls the “ Durch- 
schnitt” of the two groups. 


The ratio of the order of a sub-group //, to the order of the group 
G containing it, is called by French writers the “indice,” by German 
the “Index,” of H in G. The phrase is most commonly used of a 
substitution group in relation to the symmetric group of the same 
degree. 


The smallest number of symbols displaced by any substitution, 
except identity, of a substitution group is called by French writers 
the “classe,” by Germans the ‘“ Klasse,” of the group. 


INDEX. 


(The numbers refer to pages.) 


ABEL, quoted, 46. 
ABELIAN GROUP, definition of, 46; 
sub-groups of, 47, 48, 55-59; 
existence of independent generating operations of, 52; 
invariance of the orders of a set of independent generating operations 
of, 54; 
symbol for, of given type, 55. 
ABELIAN GROUP of order p” and type (1, 1, ..., 1), 58; 
number of sub-groups of, whose order is given, 60; 
number of distinct ways of choosing a set of independent generating 
operations of, 59; 
group of isomorphisms of, 243, 244 (see also HomoGENEOUS LINEAR 
GROUP) ; 
holomorph of, 245. 
ALTERNATING GROUP, definition of, 139; 
group of isomorphisms of, 246; 
is simple, except for degree 4, 154. 
BocHert, quoted, 153. 
Bouza, quoted, 162. 
BuRNSIDE, quoted, 65, 97, 157, 311, 317, 335, 345, 352, 365, 370. 
Caucuy, quoted, 90. 
CayLEy, quoted, 306. 
CHARACTERISTIC SERIES, definition of, 232; 
invariance of, 233; 
of a group whose order is a power of a prime, 233-235. 
CHARACTERISTIC SUB-GROUP, definition of, 232; 
groups with no, are either simple or the direct product of simply 
isomorphic simple groups, 232. 
CHIEF COMPOSITION SERIES, Or CHIEF SERIES, definition of, 123; 
invariance of, 123. 
CoE, quoted, 196, 370. 
Cote and Guover, quoted, 137. 
CoLoUR-GROUPS, 306-310; 
examples of, 310. 
CoMPLETE GROUP, definition of, 236; 
group of isomorphisms of a simple group of composite order is a, 238; 
holomorph of an Abelian group of order p™ and type (1, 1, ..., 1) is a, 
239 ; 
holomorph of a cyclical group of odd order is a, 241; 
symmetric group is a, except for degree 6, 246; 
groups which contain a, self-conjugately are direct products, 236. 
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ComposITE Groups, definition of, 29; 
non-soluble, 376-378 ; 
of even order, 360-365. 
ComposITION FACTORS, definition of, 118. 
CoMPOSITION-SERIES, definition of, 118 ; 
invariance of, 122; 
examples of, 128, 129. 
CoNJUGATE OPERATIONS, definition of, 27; 
complete set of, 31. 
CoNJUGATE sUB-GROUPS, definition of, 29; 
complete set of, 32; 
operations common to or permutable with a complete set of, form a 
self-conjugate sub-group, 33. 
DEDEKIND, quoted, 89. 
DEFINING RELATIONS of a group, definition of, 21; 
limitation on the number of, when the genus is given, 283; 
for groups of genus zero, 291; 
for groups of genus unity, 301, 302; 
for groups of orders p?, p*, p*, 87, 88, 89; 
for groups of order pq, 100; 
for groups of order p*q, 133-187 ; 
for groups whose orders contain no square factor, 354; 
for the holomorph of a cyclical group, 240, 241; 
for the symmetric group of degree 5, 305; 
for the simple group of order 168, 305. 
Decree of a substitution group, definition of, 138; 
is a factor of the order, if the group is transitive, 140. 
Direct propuct of two groups, definition of, 40; 
represented as a transitive group, 190. 

Direct propuct of two simply isomorphic groups of order n represented as 
a transitive group of degree n, 146, 147. 

DouBLy TRANSITIVE GRouPS, generally contain simple self-conjugate sub-groups, 
192; 

the sub- -groups of, which keep two symbols fixed, 212 ; 
with a complete set of triplets, 214; 
of degree n and order n(n-1), 155-157. 

Dyck, quoted, 22, 44, 172, 195, 255, 292, 301, 305. 

Dyck’s THEOREM that a group of order n can be represented as a regular 
substitution group of degree n, 22-24. 

Factor Groups, definition of, 38; 

set of, for a given group, 118; 
invariance of, 118. 

ForsytH, quoted, 280, 283. 

FRACTIONAL LINEAR GROUP, definition of, 311 ; 

analysis of, 319-333 ; 
generalization of, 334, 335. 

FROBENIUS, quoted, 39, 45, 65, 71, 90, 97, 108, 110, 114, 166, 232, 250, 251, 345, 
354, 358, 360. 

FROBENIUS AND STICKELBERGER, quoted, 46. 

FRoBENIUS’S THEOREM that, if n is a factor of the order of a group, the 
number of operations of the group whose orders divide n is a 
multiple of n, 110-112. 

GALois, quoted, 192, 334. 

GENERAL DISCONTINUOUS GROUP with a finite number of generating operations, 
256 ; 

relation of special groups to, 257, 258. 

Genus of a group, definition of, 280. 

GIERSTER, quoted, 311. 

GRAPHICAL REPRESENTATION, Of a cyclical group, 260, 261, 288; 

of a general group, 262-266 ; 
of a special group, 266-269; 
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GRAPHICAL REPRESENTATION, of a group of finite order, 273-278 ; 
examples of, 269-272, 279, 288-290, 294, 296, 299, 300, 303, 310. 
Group, definition of, 11, 12; 
continuous, discontinuous, or mixed, 13, 14; 
order of, 14; 
multiplication table of, 20, 49; 
fundamental or generating operations of, 21; 
defining relations of, 21; 
cyclical, 25; 
simple and composite, 29; 
Abelian, 46; 
soluble, 130 ; 
symmetric, 139; 
alternating, 139 ; 
complete, 236; 
group of isomorphisms of a, 223; 
general, 256; 
special, 257; 
quadratic, 326; 
dihedral, 287 ; 
tetrahedral, 289 ; 
octohedral, 289; 
icosahedral, 289 ; 
holomorph of a, 228; 
genus of a, 280; 
symbol for a, 27; 
(see also SuBSTITUTION GROUP). 
GROUP OF ISOMORPHISMS, contains the group of cogredient isomorphisms 
self-conjugately, 226; 
of a cyclical group, 239-242; 
of an Abelian group of order p” and type (1, 1,...... , 1), 243, 244, 311— 
317, 336-338 ; 
of the alternating group, 246; 
of doubly transitive groups of degree p”"+1 and order 4p"(p**—1), 246— 
248 ; 
Groups of genus zero, 286-292; 
of genus one, 295-302; 
of genus two, 302. 
GROUPS WHOSE ORDER IS p™, where p is a prime, 61 et seq.; 
always contain self- -conjugate operations, 62; 
every sub-group of, is contained self-conjugately in a greater sub-group, 
65; 
number of sub-groups of given order is congruent to unity, mod. p, 71; 
case in which there is only one sub-group of a given order 72-75; 
number of types which contain self-conjugate cyclical sub-groups of 
order p”~*, 76-81; 
determination of distinct types of orders p?, p*, p*, where p is an odd 
prime, 81-88 ; 
table of distinct types of orders 8 and 16, 88, 89. 
Groupes whose orders contain, no squared factor, 353, 354; 
no cubed factor, 359. 
Groups whose sub-groups of order p*% are all cyclical, 352, 353. 
HEFFTER, quoted, 215. 
HoupER, quoted, 38, 87, 119, 137, 224, 236, 246, 249, 344, 353, 370, 376. 
HotomorpH, definition of, 228; 
of a cyclical group, 240-242; 
of an Abelian group of order p” and type (1, 1,...... , 1), 245. 
HoMOGENEOUS LINEAR GROUP, definition of, 244; 
composition series of, 314-317; 
represented as a transitive substitution group, 336, 337. 
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HoMoGENEOUS LINEAR GRouP, simple groups defined by, 338, 339; 
generalization of, 340-342. 
Horwitz, quoted, 24, 280, 282. 
IDENTICAL OPERATION, definition of, 12. 
IMPRIMITIVE GROUPS, ’ definition of, 171; 
of degree 6, 181, 182. 
IMPRIMITIVE SYSTEMS, definition of, 172; 
of a regular group, 173; 
of any transitive group, 176; 
properties of, 185, 186. 
IMPRIMITIVE SELF-CONJUGATE sUB-GRoUP of a doubly transitive group, 193, 194. 
INTRANSITIVE GROUPS, definition of, 140; 
properties of, 159-162; 
transitive sets of symbols in, 159, 166; 
of degree 7 with transitive sets of 3 and 4, 163, 164. 
ISOMORPHISM OF TWO GROUPS, simple, definition ‘of, 32; 
multiple, definition of, 36; 
general, definition of, 41. 
IsomorPHisMs of a group with itself, definition of, 222; 
cogredient and contragredient, definition of, 224; 
class of, definition of, 224; 
limitation on the order of, 252. 
Isomorpuism of general and special groups, 257, 258. 
JORDAN, quoted, 46, 119, 143, 146, 149, 150, 153, 189, 196, 198, 204, 311. 
KLEIN, quoted, 224, 289, 292. 
Kier and FRIckez, quoted, 162. 
Liurration on the order of a group of given genus, 282; 
on the number of defining relations of a group of given genus, 283. 
MAILLET, quoted, 108. 
MaraeraFFr, quoted, 198. 
MascHkKE, quoted, 310. 
Marnievu, quoted, 155. 
Maximum suB-GRouP, definition of, 35. 
MAXIMUM SELF-CONJUGATE SUB-GROUP, definition of, 35. 
MILLER, quoted, 105, 196, 259. 
Minium SELF-CONJUGATE SUB-GROUP, definition of, 124; 
is a simple group or = direct product of simply iecmnoeginte simple 
groups, 127. 
Moore, quoted, 215, 335. 
MULTIPLICATION TABLE of a group, 20, 49. 
MULTIPLY ISOMORPHIC GROUPS, definition of, 36. 
NETTO, quoted, 141, 198, 215. 
NUMBER OF SYMBOLS unchanged by all the substitutions of a group, 165, 166. 
OPERATIONS common to two groups form a group, 27; 
of a group, which are permutable with a given operation or sub-group, 
form a group, 29, 31; 
common to or permutable with each of a complete set of conjugate sub- 
groups form a self-conjugate sub-group, 33. 
ORDER of a group, definition of, 14; 
of an operation, definition of, 14. 
PERMUTABLE OPERATIONS, definition of, 12; 
PERMUTABLE GROUPS, definition of, 41. 
Permurapitity of an operation with a group, definition of, 29. 
Primitive Groups, definition of, 171; 
when soluble, have a power of a prime for degree, 192; 
limit to the order of, for a given degree, 199; 
with a transitive sub-group of smaller degree, 197, 198; 
of prime degree, 201; 
of degrees 3, 4 and 5, 205; 
of degree 6, 205, 206; 
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PRIMITIVE GROUPS, of degree 7, 206-208 ; 
of degree 8, 209-211. 
Primitiviry, test of, 184. 
REGULAR DIVISION of a surface, representation of a group by means of, 278. 
REPRESENTATION OF A GROUP, in transitive form; i.e. as a transitive substitu- 
tion group, 22, 173-179; 
in primitive form, 177. 
REPRESENTATION, graphical (see GRAPHICAL REPRESENTATION). 
SELF-CONJUGATE OPERATION, definition of, 28; 
of a group whose order is the power of a prime, 62; 
of a transitive substitution group must be a regular substitution, 144. 
SELF-CONJUGATE SUB-GROUP, definition of, 29 
generated by a complete set of conjugate operations, 34; 
of a primitive group must be transitive, 187; 
of an imprimitive group, 187, 188; 
of a k-ply transitive group is, in general, (k-—1)-ply transitive, 189. 
SIMPLE GRouPsS, definition of, 29; 
whose orders are the products of not more than 5 primes, 367-370; 
whose orders do not exceed 660, 370-375. 
SIMPLY ISOMORPHIC GROUPS, definition of, 22 
said to be of the same type, 22. 
SoLvuBLE Groups, definition of, 130; 
properties of, 131, 132; 
special classes of, 345-359. 
Sus-crovup, definition of, 25; 
order of a, divides order of group, 26; 
(see also, CONJUGATE, SELF-CONJUGATE and CHARACTERISTIC sUB- GROUP). 
SUBSTITUTION, decay of, 1; 
cycles of, 
identical, Me 
inverse, 4; 
order of, 6; 
circular, 7; 
regular, 7; 
similar, 7; 
permutable, 8; 
even and odd, 10; 
symbol for the product of two or more, 4. 
Susstirutions which are permutable, with a given substitution, 215, 216; 
with every substitution of a given group, 145, 146, 217; 
with every substitution of a group, whose degree is equal to its order, 
form a simply isomorphic group, 146. 
SupstTiTuTion Group, degree of, definition of, 138; 
regular, definition of, 24; 
transitive and intransitive, definition of, 140; 
primitive and imprimitive, definition of, 171; 
multiply transitive, definition of, 148; 
representation of any group as a regular, 22; 
degree of transitive, is a factor of its order, 140; 
order of a k-ply transitive, whose degree is n, is a multiple of 
n(n—1)...... (n—k+1), 148; 
construction of multiply transitive, 150 ; 
limit to the degree of transitivity of, 152; 
transitive, whose substitutions, except identity, displace all or all but 
one of the symbols, 141-144; 
doubly transitive, of degree n and order n(n—1), 155-157; 
triply transitive, of degree n and order n(n—1)(n-—2), 158; 
quintuply transitive, of degree 12, 170; 
conjugate substitutions of, are similar, 144; 
SUBSTITUTION GROUPS whose orders are powers of primes, 218, 219. 
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Sytow, quoted, 62, 90. 
SyLow’s THEOREM, 92-95; 
some direct consequences of, 97-100; 
extension of, 110. 
SymBot for the product of two or more substitutions, 4; 
for the product of two or more operations, 12; 
for a group generated by given operations, 27; 
$(P) and @(P), definition of, 250, 251. 
SYMMETRIC GROUP, definition of, 139; 
of degree n has a single set of conjugate sub- -groups of order (n-1)! 
except when n is 6, 200; 
of degree 6 has 12 simply isomorphic sub-groups of order 5! which 
form two distinct conjugate sets, 200; 
is a complete group, except for degree 6, 246. 
TRANSFORMING AN OPERATION, definition of, 27. 
TRANSITIVE GROUP, definition of, 140; 
representation of any group as a, 175-179; 
number of distinct modes of representing the alternating group of 
degree 5 as a, 179, 180. 
Transpositions, definition of, 9; 
representation of a substitution by means of, 9; 
number of, which enter in the representation of a substitution is either 
always even or always odd, 10. 
TRIPLY TRANSITIVE groups of degree n and order n(n—-1)(n-—2), 158. 
TYPE OF A GROUP (See SIMPLY ISOMORPHIC GROUPS). 
Types oF GROUP, distinct, whose order is p?, p*, or p*, where p is an odd 
prime, 87, 88; 
8 or 16, 88, 89; 
pq, where p and q are different primes, 100, 101; 
pq, Where p and q are different primes, 133-137; 
24, 101-104; 
60, 105-108. 
WEBER, quoted, 46. 
Youne, quoted, 63, 68, 87, 310. 
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